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Abstract 
 
 
     ZDPs (zinc dialkylphosphates) are sulphur-free analogues of the conventional antiwear 
additives ZDDPs (zinc dialkyldithiophosphates). Recently, the application of ZDPs in 
practical use has been investigated as an alternative of ZDDPs. The key benefit of ZDPs is 
that they do not contain sulphur which may damage some catalysts in after-treatment exhaust 
systems. Utilizing ZDPs instead of ZDDPs contributes to decrease in sulphur content in 
engine oils. In addition, ZDP-formulated oils show better base number retention than ZDDPs, 
which could contribute to prolongation of engine oil life. This is because ZDPs do not 
generate sulphuric acid in their decomposition process, while ZDDPs generate sulphuric acid 
which consumes detergents. However there is still little known about the mechanism of action 
of ZDPs as antiwear additives. Therefore, the purpose of this study is to clarify how ZDP 
antiwear additives work by investigating the film forming and friction properties of ZDPs. 
     The main technique employed was MTM-SLIM (mini traction machine - spacer layer 
interferometry). This machine can measure friction properties under various rubbing 
conditions and monitor film formation by additives during rubbing tests. 
     This study has shown that ZDPs form stable reaction films by rubbing, which protect metal 
surfaces from wear. This is fundamentally similar to the mechanism for antiwear performance 
of ZDDPs. However, some differences between ZDPs and ZDDPs are seen in their film-
forming properties, which may affect their antiwear performances. For example, the film-
forming rates of ZDPs are slower than those of ZDDPs at the initial stage. Stabilized films 
formed by ZDPs are thinner than films formed by ZDDPs. By contrast, ZDPs show similar 
friction properties to ZDDPs. In the boundary and mixed lubrication regions, there is no 
noticeable difference in friction between stabilized films formed by ZDPs and ZDDPs. In 
addition, these properties are largely affected by various factors such as rubbing conditions, 
concentrations, and alkyl structures of the additives. For example, ZDPs having linear alkyl 
chains show slower film formation and lower boundary friction than ZDPs having branched 
alkyl chains. Moreover, other additives such as dispersants and detergents largely affect the 
properties of ZDPs. Generally, highly polar additives appear to retard the film formation of 
ZDPs. The mechanisms for the above features are also discussed in this thesis. 
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Chapter 1 
 
Introduction 
 
 
1.1 Issues Surrounding Automobiles  
     For every industry, ‘protection of the global environment’ is nowadays undoubtedly one of 
the most important issues. Especially for the automobile industry, it is not an exaggeration to 
say that the effective solution of the serious environmental problems automobiles pose may 
determine the future of the industry because conventional automobiles consume fossil fuels 
and emit carbon dioxides as well as noxious substances. The development of automobiles 
themselves has always involved the development in many fields including tribology. The 
issues surrounding automobile development will be outlined first. 
 
1.1.1 Fuel Efficiency 
     Reducing emissions of greenhouse effect gases is essential to prevent global warming. In 
1997, the Kyoto Protocol, which intends to achieve stabilization of greenhouse gas 
concentrations in the atmosphere, was adopted in COP3 (The 3rd Session of the Conference 
of the Parties to the United Nations Framework Convention on Climate Change) [1]. 
Developed countries which ratified this protocol are required to reduce emissions of 
greenhouse gases, such as carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), 
hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and sulphur hexafluoride (PF6), to the 
level specified for each of them. For example, the EU has to reduce CO2 emissions by 8% 
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compared with those in 1990 by 2012, and Japan has to reduce them by 6%. The US must 
reduce them by 7% in this protocol; however the US has not yet ratified the protocol. 
     In 2004, energy use for transportation amounted to 26% of total world energy use and 
automobiles including buses and trucks were responsible for nearly 80% of the transport 
energy use [2]. Therefore, strict regulations for fuel efficiencies of automobiles have been 
established as a part of the solution for the Kyoto protocol in many countries. In the EU, the 
average CO2 emissions from passenger cars on sale will have to be less than 130 g/km in 
2015 [3]. This regulation has a staggered approach to implementation: 65% of new cars will 
comply with the requirement in 2012; 75% in 2013; 80% in 2014 and 100% in 2015. If 
automobile manufacturers fail to achieve the requirement, they will be forced to pay penalties 
for the shortfall. Moreover, this regulation has the target of an average 95 g/km CO2 emission 
from new cars in 2020. In the US, the regulation referred as CAFE (Corporate Average Fuel 
Economy) standards in 2007, in which the average fuel efficiency of passenger cars including 
light trucks would have to be more than 35 miles/gallon in 2020, has recently been tighten by 
President Obama. In the new regulation, the average fuel efficiency of new passenger cars 
will have to be above 30.2 miles/gallon in 2011 and the regulation will become more stringent 
by about 5% every year to achieve 37.8 miles/gallon in 2016 [4]. In Japan, a new regulation 
for the fuel efficiency was released in 2007 [5]. By this, average fuel efficiency of new 
passenger cars will be more than 16.8 km/L in 2015. Figure 1-1 compares these regulations, 
although it should be noted that the measuring methods of fuel efficiency differ between them. 
The value of fuel efficiency regulated by the EU was calculated supposing that 2310 g of CO2 
could be emitted by consuming one litre of gasoline. At this moment, the requirement of the 
EU regulation is the most severe among them as of 2015. In addition, fuel efficiencies of 
heavy-duty diesel cars will be regulated in Japan, which is the first regulation for heavy-duty 
diesel cars in the world. These regulations force car manufactures to achieve approximately 
12% improvement by 2015 compared with the fuel efficiency in 2002 [6]. 
     Car manufactures have been vigorously developing environmental-friendly vehicles such 
as hybrid electric vehicles (HEV), electric vehicles (EV), and fuel-cell vehicles (FCV) in 
order to pass the above regulations. At this moment, hybrid cars are most widely used among 
these three. For example, Toyota had sold more than 2 million HEV by the end of August 
2009 [7] and Honda reached 0.3 million units in cumulative global sales of HEV in February 
2009 [8]. However these numbers are still very small compared to the global total number of 
passenger cars in use; about 700 million as of the end of 2007 [9]. Also it appears to be taking 
a much longer time for EV and FCV to become widely used, since there are still many 
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difficulties such as short cruising distance of vehicles and lack of infrastructure to recharge or 
refuel vehicles. In addition, a future steady supply of lithium, which will mainly be used for 
the batteries of these eco-friendly vehicles, is quite doubtful because the global reserve is 
limited and unevenly distributed. Therefore, conventional gasoline and diesel engine cars will 
probably continue to be mainly used, at least for the next few decades. 
 
 
 
 
 
 
 
 
 
 
 
 
     Various technologies have been developed and introduced to these conventional vehicles 
for improving fuel efficiencies. Along with optimization of combustion, direct fuel-injection 
systems have been adopted in some gasoline vehicles to provide more efficient burning of 
fuels. Recently, some passenger cars have started to be equipped with idle-reducing systems, 
which are widely used in hybrid cars and heavy-duty diesel cars such as trucks and buses. 
Downsizing engines is another effective way to improve fuel efficiency, in which turbo-
charging is applied in order to enhance engine power and torque to the same level as 
conventional bigger engines [10]. In addition, materials for engines are also changing to save 
energy [10, 11]. Aluminium alloy has been recently utilized in the piston skirts and liners of 
some engines to diminish engine weight [12], while various types of coatings and surface 
treatments are commonly used for piston/cylinder and valve train assemblies to lower friction 
and extend their lives [13]. Particularly, diamond-like-carbon (DLC) coatings have been 
widely investigated because of their chemically and mechanically inert properties as well as 
their good tribological properties [14, 15]. Moreover, lubricants have been developing to 
achieve higher fuel efficiencies by reducing friction, as will be discussed later. 
     In a further development, biomass fuels have started to be introduced to automobiles 
because CO2 emission from such fuels is not counted as greenhouse gas. For gasoline, some 
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proportion of ethanol produced from plants such as corn and sugar cane, so-called ‘bio-
ethanol’, is mixed with petroleum-based gasoline. The compatible blending rate of bio-
ethanol for use in conventional vehicles is still under discussion. Therefore, the allowed 
blending rates are dependent on countries; 5% in the EU, 10% in the US, and 3% in Japan at 
this moment. However, a guideline of bio-ethanol for blending with petroleum-based gasoline 
to make a blend containing a maximum 10% ethanol by volume (E10) for use in conventional 
vehicles with spark ignition engines was presented by the Worldwide Fuel Charter (WFCC) 
committee on behalf of automobile manufactures associations in the EU, the US and Japan in 
2009 [16]. This may induce standardization of the worldwide blending rate of ethanol at 10% 
in the near future. In addition, another method to introduce biomass fuels into gasoline has 
been adopted in some European countries and Japan; ETBE (ethyl(tert-)butylether) produced 
from bio-ethanol and isobutylene is blended with petroleum-based gasoline, instead of 
blending bio-ethanol directly. One of the benefits of this method is that ETBE-containing 
fuels are more stable than bioethanol-containing fuels. For example, properties of ETBE 
containing fuels do not change even if accidentally mixed with water [17]. 
     For diesel fuels, FAME (fatty acid methyl ester), which is produced from vegetable oils by 
transesterification (Figure 1-2), is blended with petroleum-based diesel. The maximum FAME 
content of 7% by volume is regulated by the diesel fuel standard EN590 in the EU [18]. In 
Japan, FAME is approved to be used at up to 5% by mass in diesel fuels. In the US, there are 
two standards of diesel fuels, for up to 5% (ASTM D975) and for from 5 to 20% (ASTM 
D7465) by volume of FAME content. Moreover, BHD (bio hydrofined diesel) or HVO 
(Hydrotreated Vegetable Oil) fuels which are produced through a hydrogenating process of 
vegetable and animal oils [19], and BTL (Biomass to Liquid) fuels which are produced 
through the Fischer-Tropsch process of syngas from biomass are also expected to become 
alternative diesel fuels. 
 
 
 
 
 
 
 
 
 
Figure 1-2. Synthesis of FAME (Fatty Acid Methyl Ester). 
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1.1.2 Regulations of Exhaust Gases 
     Emissions of carbon monoxide (CO), hydrocarbons (HC), nitrogen oxides (NOx), and 
particulate matters (PM) contained in exhaust gas from automobiles have been strictly 
regulated by the standards in each countries. Recently, the maximum permissible limits of 
NOx and PM emitted from diesel engine cars have been dramatically decreased for 
environmental reasons. Figure 1-3 illustrates the changing limits in the EU and Japanese 
emission standards for heavy-duty diesel vehicles such as buses and trucks [18]. It can be seen 
that the regulations have been becoming very strict in this decade. At this moment, the 
Japanese regulation, in which the emission of NOx and PM from heavy-duty diesel vehicles 
on sale must be less than 0.7 and 0.01 g/kWh respectively, is more severe than the EU 
regulation (EURO V). However, the EU has set a much more severe standard, EURO VI, in 
which the emissions of NOx and PM will be limited to below 0.4 and 0.01 g/kWh respectively 
in January 2013. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     For conventional gasoline engine vehicles, exhaust cleaning systems may seem to be 
simple; emissions containing NOx, CO, and hydrocarbons are purified only by TWC (Three-
Way Catalytic converters), in which they are converted to N2, CO2, and H2O [20]. However, 
the ratio of air to fuel needs to be continuously controlled by sensing exhaust composition and 
adjusting fuel injection since the TWC can work efficiently only under a narrow range of this 
Figure 1-3. Diesel emission standards (PM and NOx) of heavy-duty vehicles in 
the EU and Japan. 
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ratio. Also, the three-way catalysts need precious metals such as platinum, palladium, and 
rhodium. This has encouraged development of more efficient catalytic systems with less the 
precious metals.  Moreover, for gasoline engines with direct injection systems, supplemental 
NOx-cleaning systems such as LNT (Lean NOx Trap system) and EGR (Exhaust Gas 
Recirculation) are necessary because the air-fuel ratio lies outside the range in which the 
three-way catalysts can work efficiently. 
     On the other hand, for diesel engine cars the exhaust used to be kept clean by controlling 
the conditions of combustion by EGR and common rail fuel injection systems. However, the 
recent much more severe emission standards have necessitated diesel vehicles to be equipped 
with exhaust after-treatment systems. There are several types of such system; DPF (Diesel 
Particulate Filter), urea-SCR (Selective Catalytic Reduction system), LNT, and DPNR (Diesel 
Particulate-NOx Reduction system). DPF is, as its name suggests, a filter for trapping PM. 
Trapped PM in DPF is burned by extra fuel injection, which can cause a reduction of fuel 
efficiency and contamination of fuel into engine oil. Urea-SCR and LNT are systems for 
reducing NOx to N2 by using urea solution and hydrocarbons from fuel respectively. DPNR is 
a kind of combined system of DPF and LNT, which was developed by Toyota.  
     All of the above systems employ catalysts, which can be deteriorated by sulphur, 
phosphorus, and metal salts [21-24]. For example, the TWC can be deactivated by phosphorus 
compounds contained in engine oils [25-27]. Rakosz et al. reported that mixed phosphates 
containing calcium, magnesium, and zinc were observed as deposits on the surface of the 
catalyst from taxis after over 100,000 miles in operation [25]. Also, aluminium and cerium 
phosphates were detected within its washcoat. These phosphates have been suggested to 
produce a strong deactivating effect on catalyst performance. In addition, the LNT has been 
reported to be deactivated by sulphur. Two possible mechanisms for the sulphur-poisoning 
have been proposed; (i) SO2 is oxidized and then react with Al2O3 to form Al2(SO4)3, which 
covers the surface of Al2O3 and (ii) SOx reacts with barium-based NOx storage components to 
form BaSO4, which is then no longer able to storage NOx. Metal compounds contained in PM 
are stuck as ash in DPF and DPNR because they cannot be burned off. The ash clogs the 
filters to cause a back-pressure increase and a deterioration of PM and NOx cleaning 
performance. Sulphur is contained in fuels and lubricants, while phosphorus and metals are 
contained only in lubricants. 
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1.2 Issues Surrounding Lubricants 
     Lubricants are expected to play a large part in enabling the improvements of fuel 
efficiency and cleanliness of exhausts that, as stated above, have become essential [28]. That 
is, lubricants have to increase fuel efficiency by decreasing friction and, at the same time, they 
have to eliminate as far as possible compounds such as phosphorus, sulphur, and metals 
which damage catalysts. Moreover lubricants need to be adjusted to cope with new fuels, new 
materials, and new equipment introduced to improve energy efficiency and exhaust cleanness. 
Some details of the required adjustments are described below. 
 
1.2.1 Fuel Efficiency 
     Requirements for fuel economy have been regulated by incorporating them in 
specifications for engine oils. In the latest ACEA (European Automobile Manufactures’ 
Association) European Oil Sequence issued in 2008, some engine oil categories for passenger 
vehicles require from 1.0 to 3.0% improvement in fuel efficiency compared with a reference 
oil having 15W40 viscosity grade in a test (CEC L-54-06) using a 2.0 litre Mercedes-Benz 
M111 E20 gasoline engine [29, 30]. Values of the improvement depend on the categories 
(Table 1-1 and 1-2); for example, ACEA C1, the highest performance category of catalyst 
compatibility oils, requires at least 3.0% fuel improvement compared with the reference oil. 
In ILSAC (International Lubricant Standardization and Approval Committee) GF-4 
specification issued in 2004, the requirements for fuel efficiency have been regulated by 
specifying fuel economy performance requirements in the Sequence VIB engine test (ASTM 
D 6837) [31]. The brand-new standard GF-5, approved in December 2009 for introduction in 
2010, also incorporates fuel economy performance requirements in the Sequence VID engine 
test (3.6 litre General Motors engine, ASTM D7589) [32]. In this, engine oils need to 
demonstrate specified minimum fuel economy improvements over a reference oil for FEI2 
(the improvement at the end of the test (100 hours)) as well as for FEI SUM (sum of the 
improvement at the first 16 hours and at the end of the test) (Table 1-3). Generally, the 
requirements of fuel efficiency for GF-5 standard oils expect about 5% better fuel efficiency 
than GF-4 standard oils, although it is impossible to compare these oils directly because the 
test engines and the reference oils are different [33]. 
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     The simplest way to improve its fuel efficiency is to lower the viscosity of the lubricant, 
which contributes to lower friction in the hydrodynamic (HD) lubrication region. The lower 
friction in the HD lubrication is substantially effective to improve fuel economy, since it is 
considered that a large part of friction loss in engines occurs in the HD lubrication region in 
piston rings, piston liners, and bearings (Figure 1-4) [28, 34]. Also for ATFs (Automatic 
Transmission Fluids), lower viscosity can save energy by diminishing friction in torque 
converters [35-37]. However, it should be noted that lower viscosity of lubricants also results 
in thinner HD film which causes poorer antiwear properties. Therefore, the maintenance of 
effective antiwear performance, for example, the optimization of antiwear additives such as 
ZDDPs (zinc dialkyldithiophosphates), is essential for developing lubricants with lower 
viscosity. Another way to increase fuel efficiency is to reduce boundary friction, which can be 
achieved by optimizing antiwear additives and utilizing friction modifiers such as MoDTC 
(molybdenum dialkyldithiocarbamate). In addition, surface treatments and coatings such as 
DLC are also effective to lower boundary friction [38-40]. 
A1/B1 A3/B3 A3/B4 A5/B5
Fuel Economy Improvement
(vs 15W40 reference oil) 
≥ 2.5% --- --- ≥ 2.5%
Gasoline and Diesel Engine Oils
C1 C2 C3 C4
Fuel Economy Improvement
(vs 15W40 reference oil) ≥ 3.0% ≥ 2.5% ≥ 1.0%* ≥ 1.0%*
Catalyst Compatibility Oils
(* for xxW30 viscosity grades) 
Table 1-1. Fuel economy requirements in ACEA standards for passenger 
car engine oils. 
Table 1-2. Fuel economy requirements in ACEA standards for gasoline 
and diesel engine oils. 
Table 1-3. Fuel economy requirement in ILSAC GF-5 standards for passenger 
car engine oils. 
xxW20 xxW30 10W30 and others
FEI SUM* ≥ 2.6% ≥ 1.9% ≥ 1.5%
FEI 2* ≥ 1.2% ≥ 0.9% ≥ 0.6%
Fuel Economy 
Improvement
(vs 20W30 ref. oil) 
SAE Viscosity Grade
(* FEI SUM = FEI 1 + FEI 2. FEI 1 for 16 hours aging oils, FEI 2 for 100 hours aging oils.) 
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     It is also important to note that promotion of multigrade engine oils with low viscosity also 
has a great impact on improving fuel efficiency. Monograde engine oils (e.g. SAE30 and 40) 
and multigrade engine oils with high viscosity (e.g. 15W40) are still widely used in some 
areas of the world, and exchanging such oils with existing low viscosity multigrade oils such 
as 10W30 can be a significantly effective way to save energy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.2.2 Catalyst Compatibility 
     As stated above, the performance of after-treatment systems for exhausts is deteriorated by 
sulphur, phosphorus, and metals contained in lubricants. Therefore the amount of these 
substances is limited in modern engine oil standards. Table 1-4 shows some requirements of 
the gasoline engine oil standards, ILSAC GF-4 and GF-5 [31-33]. The minimum (0.06 wt%) 
and maximum (0.08 wt%) amount of phosphorous are regulated in each standards for 
antiwear performance and catalyst compatibility. The minimum limit is to ensure that the 
antiwear performance of engine oils is maintained. The maximum limit of sulphur in GF-5 is 
slightly more severe than in GF-4; 0.5 wt% for SAE 0W and 5W multigrade oils, 0.6wt% for 
SAE 10W30 oils. Moreover, phosphorus volatility will be newly regulated in GF-5, in which 
phosphorus retention needs to be more than 79% after a Sequence IIIGB engine test (ASTM 
D7320). Some diesel engine oil standards for passenger cars and heavy duty diesel cars are 
shown in Table 1-5 and 1-6, respectively [29, 41, 42]. In addition to phosphorus and sulphur, 
the amount of sulphated ash is also limited. This value is measured by ASTM D874 and 
corresponds to the amount of metals in engine oils. This limit is regulated to protect DPF and 
Figure 1-4. Lubrication regimes for engine components. 
Boundary Mixed Hydrodynamic
Fr
ic
tio
n
Valve Train
Piston Rings
Piston Skirt
Engine Bearings
(Viscosity x Speed) / Load
  35
DPNR, since metals are non-burnable and stick as ashes in the filter. The most severe 
standard for passenger cars at this moment is ACEA C1, in which the maximum limits of 
phosphorus, sulphur, and sulphated ash are 0.05, 0.2, and 0.5 mass% respectively. In general, 
the standards for heavy-duty diesel cars are milder than those for passenger vehicles. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1-4. Chemical limits in ILSAC gasoline engine oil 
Table 1-6. Chemical limits in oil standards for heavy-duty diesel engine cars. 
ILSAC GF-4 ILSAC GF-5
Phosphorus
(mass%) 0.06-0.08 0.06-0.08
Sulphur
(mass%)
≤ 0.5 (0Wxx, 5Wxx)
≤ 0.7 (10Wxx) 
≤ 0.5 (0Wxx, 5Wxx)
≤ 0.6 (10W30)
Phosphorus
Volatility ---
≥ 79%
retention
Table 1-5. Chemical limits in oil standards for passenger diesel engine 
cars with exhaust after-treatment devices.
ACEA
C1
ACEA
C2
ACEA
C3
ACEA
C4
JASO*
DL-1
Phosphorus
(mass%) ≤ 0.05
0.07 
- 0.09
0.07 
- 0.09 ≤ 0.09 ≤ 0.10
Sulphur
(mass%) ≤ 0.2 ≤ 0.3 ≤ 0.3 ≤ 0.2 ≤ 0.5
Sulfated Ash
(mass %) ≤ 0.5 ≤ 0.8 ≤ 0.8 ≤ 0.5 ≤ 0.6
(* Japanese Automobile Standards Organization) 
(* American Petroleum Institute) 
ACEA
E2, E4, E7
ACEA
E6
API*
CJ-4
JASO
DH-2
Phosphorus
(mass%) --- ≤ 0.08 ≤ 0.12 ≤ 0.12
Sulphur
(mass%) --- ≤ 0.3 ≤ 0.4 ≤ 0.5
Sulfated Ash
(mass %) ≤ 2.0 ≤ 1.0 ≤ 1.0 0.9-1.1
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1.2.3 Lubricant Adaptations for New Equipment, Materials, and Fuels 
     In the development of lubricants, it is essential for lubricants to be designed for new 
equipment, materials, and fuels as well as for existing ones. Some possible problems 
introduced by recent innovations are exemplified here. 
     In vehicles equipped with idle reduction systems and HEVs, engines frequently stop even 
in use. This may cause lower lubricant temperatures, at which some additives may not work 
properly. Also vehicles equipped with LNT, DPF, and DPNR need post fuel-injection to help 
reduce NOx to N2 and to raise temperature of the after-treatment systems. This post-injection 
can cause contamination of fuel into engine oils, which could result in poorer antiwear 
performance due to thinning HD film and in lower oxidation stability. 
     It is not yet clear that existing additives, especially antiwear additives and friction 
modifiers work properly with new materials since conventional lubricants have been 
developed for metals, mainly for steel. Many researchers are currently studying how additives 
respond to new materials, especially DLC [11, 39, 43-52]. One topical issue of these studies is 
to determine whether ZDDPs form antiwear films on DLC or not. At this moment, some 
papers have reported that ZDDPs form films on DLC; other ones have reported that they do 
not. Also the ZDDP-derived films formed on DLC have been reported to be different from the 
films formed on steel. It has been suggested that ZDDP films on DLC are not comprised of 
phosphates but of zinc oxides and zinc sulphides [45,47], and that adhesion of films to DLC 
surface is much weaker than that of films to steel [50]. However the film-forming property of 
ZDDPs appears to depend on types of DLC since the properties of DLC vary greatly 
depending of factors such as metal doping, hydrogen content, and so on. 
     Moreover, the use of bio-fuels may also affect performances of engine oils. Large amount 
of bio-ethanol containing in gasoline may produce increased contamination by water in 
engine oils, which may cause problems such as emulsified engine oils, promoting oxidation, 
and rusting of engine parts. FAME as biodiesel fuel easily contaminates engine oils due to its 
low volatility. This may cause lower oxidative stability [53] and corrosion of metals such as 
copper and lead [54]. 
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1.3 Components in Engine Oils 
     Based on the requirements for lubricants as stated above, novel additives and new 
compositional techniques of conventional additives are being investigated and developed. In 
this section, conventional components, e.g. additives and base oils, for engine oils, which are 
still almost universally used in engines, are explained [55-57]. 
 
1.3.1 Additives in Engine Oils 
     Engine oils are multi-functional lubricants. Their main functions are reducing friction, 
protecting metal surfaces from wear, dispersing soot and sludge, neutralizing acids, cooling 
engines, sealing combustion chambers, preventing metal from rusting, and so on. Here, the 
additives which are added in base oils to achieve these properties are briefly explained. 
 
1.3.1.1 Antiwear Additives 
     In engine oils, antiwear additives are undoubtedly one of the most important components 
[58-60]. ZDDPs have been widely used as antiwear additives for more than 60 years [61-63]. 
ZDDPs, which function not only as antiwear additives but also as antioxidants and corrosion 
inhibitors, are one of the most important additives for engine oils. There are three types of 
ZDDPs; primary, secondary, and aryl ZDDPs, which are identified by their alcohol structures 
(Figure 1-5). Commercial ZDDPs contain two chemical forms; a neutral form 
[(RO)2P(S)S]2Zn and a basic form [(RO)2PS2]6ZnO4 (Figure 1-6) [64-66]. These two forms 
are in a state of chemical equilibrium, which depends on temperature, solvent, and alkyl 
structure of the ZDDP. In addition, the neutral ZDDPs associate with each other to form 
dimmer and polymers, which are also in a state of equilibrium (Figure 1-7). 
     These additives prevent metal surfaces from wearing by forming protective films on them. 
However, the film-forming mechanism is not yet clear, although a lot of research on ZDDPs 
has been carried out. This research will be outlined in the next chapter.   
 
 
 
 
 
 
 
 Figure 1-5. Chemical structure of ZDDPs. 
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     Alkyl phosphates and phosphites are also effective to prevent wear (Figure 1-8) [58-60, 
67]. The additives have been reported to form a tribo film consisting of iron polyphosphates 
to protect metal surface from wear [68, 69]. In addition, some engine oils contain borate 
compounds dispersed by surfactants. These additives are considered to function as antiwear 
additives by forming a borate glass structure on the metal surface. However some research 
suggests that this borate additive could retard ZDDP film formation [70]. 
  
 
 
 
 
 
Fig. 1-8. Chemical structures of alkyl phosphate and phosphite. 
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Figure 1-6. Chemical equilibrium of basic and neutral forms of ZDDPs. 
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Figure 1-7. Aggregating forms of neutral ZDDPs. 
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1.3.1.2 Extreme Pressure Additives 
     Extreme pressure (EP) additives function to protect metal surfaces in more severe 
conditions, that is, higher temperature and higher pressure, than conditions in which the 
antiwear additives function [58-60, 67, 71, 72]. In general, the organic sulphur compounds 
shown in Figure 1-9 are recognized as EP additives. EP additives form metal sulphides on 
metal surface to prevent metal-metal contacts from seizing. Polysulphides and disulphides 
function more effectively as EP additives than monosulphides due to the higher reactivity to 
metal surfaces. However it should be noticed that the high reactivity can cause corrosive wear 
in some conditions. In addition, ZDDPs are recognized to function as mild EP additives since 
they contain sulphur atoms. 
 
 
 
 
 
 
1.3.1.3 Antioxidants 
     Antioxidants are one of the essential lubricant additives, especially for engine oils, since 
the oils are oxidized by oxygen and heat from engines. One of the antioxidants used in engine 
oils is ZDDP, which has ability to decompose both hydroperoxides and peroxy radicals [73-
75]. Therefore ZDDPs are multi-functional additives having an antioxidant property as well 
as an antiwear/EP property in engine oils. Additionally, hindered phenols, secondary aromatic 
amines, and organo-sulphur compounds are also employed complementarily in some engine 
oils. Figure 1-10 shows representative examples of these antioxidants. 
 
 
 
 
 
 
 
 
 
 
Figure 1-10. Examples of antioxidants. 
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Figure 1-9. Chemical structures of organic sulphide EP additives. 
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1.3.1.4 Detergents 
     Detergents have micellar structures, in which basic nano particles such as CaCO3 and 
MgCO3 are enclosed by soap molecules [76]. They are classified into three types by the 
structures of the soap molecules; sulphonate, phenate, and salicylate (Figure 1-11). 
Sulphonates and phenates contain sulphur in their molecules, while salicylates do not. 
Detergents have two functions in engine oils, to disperse soot and sludge using the soap 
molecules and to neutralize acids such as sulphate acids generated from sulphur compounds 
in fuels and ZDDPs in engine oils using the basic compounds (calcium and magnesium 
carbonates) in the detergents. Detergents are also considered to show antiwear performance to 
some extent. The formation of tribo-films by overbased detergents alone has been indicated in 
some papers [77-81]. Topolovec-Miklozic et al. have reported that overbased calcium 
sulphonate detergents form patchy films as shown in AFM images [77]. Some XPS (X-ray 
Photoelectron Spectroscopy) studies of tribo-films formed by detergents have indicated that 
overbased calcium detergents form films containing calcium during rubbing [78, 79]. 
Moreover, the tribo-films formed by the detergents have been suggested to be composed 
mainly of calcite, which is crystallized from the amorphous calcium carbonate core of the 
detergents by PM-IRRAS (Infrared Reflection Absorption Spectroscopy by Fourier 
Transform and Polarisation Modulation) [80] and EELS (Electron Energy Loss Spectroscopy) 
measurements using TEM [81]. 
 
 
 
 
 
 
 
 
 
 
 
1.3.1.5 Dispersants 
     Dispersants are generally compounds which function to disperse soot and sludge, like 
detergents, but do not contain metal. Dispersant molecules have a polar head group and a non-
polar hydrocarbon tail. Two mechanisms for dispersants to hinder agglomeration of soot and 
Figure 1-11. Chemical structures of three types of detergents. 
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sludge have been suggested: steric and electrostatic stabilization [82]. The first mechanism is 
that the aggregation is hindered by the steric hindrance of the non-polar alkyl tails of the 
dispersants adsorbed onto the dirty particles, while the second mechanism is that the 
aggregation is prevented by the electrostatic repulsion between the particles negatively 
charged by the dispersants. These additives are important especially for diesel engine oils, in 
which a large amount of soot is accumulated in the lubricant due to the character of diesel 
engine combustion. A typical dispersant, bis-polyisobutenyl succinimide polyamine, is shown 
in Figure 1-12. This can also be post-treated to provide additional tribological performance; 
for example, the succinimide polyamine dispersants treated by boric acid show antiwear 
properties.  
 
 
 
 
 
 
 
1.3.1.6 Friction Modifiers (FMs) 
     Friction modifiers are additives used in lubricants to reduce boundary friction. MoDTC is 
added as FM to some gasoline engine oils in order to improve fuel efficiency (Figure 1-13). 
This additive has been reported to form MoS2 in rubbing contact to lower friction [83-85]. 
However the effectiveness does not seem to last for prolonged engine use [86]. Additionally, 
oiliness additives, for example, long chain carboxylic acids and amides, are also effective in 
diminishing friction, probably by forming adsorbed layers on contact surfaces [87-89].  
 
 
 
 
 
 
1.3.1.7 Viscosity Index Improvers (VIIs or VMs) 
     VIIs are added in multi-grade engine oils to increase viscosity index which is a measure of 
the dependence of viscosity on temperature. A VII is a polymer such as polymethacrylate 
(PMA) or olefin copolymer (OCP) (Figure 1-14), which swells in solution more at high 
Figure 1-12. Chemical structure of bis-polyisobutenyl succinimide polyamine. 
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Figure 1-13. Chemical structure of Molybdenum dithiocarbamate. 
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temperature than low temperature, thus increasing viscosity more at high than low 
temperature. As a result, the effect of temperature change on viscosity is reduced, which 
means a higher viscosity index. In general, VII molecular weight is from 100,000 to 300,000 
in engine oils. Moreover, some VIIs have dispersant performances by copolymerizing with 
monomers having polar groups. The dispersant VIIs have been reported to form adsorbed 
boundary films, which may be effective to reduce friction and to protect metal surface from 
wear [90, 91].    
 
 
 
 
 
 
 
 
1.3.1.8 Pour Point Depressants (PPDs) 
     PPDs are utilized to prevent wax from precipitating in engine oils at low temperature, 
because such precipitation can make it impossible to start engines. Therefore most multi-
grade engine oils contain this additive. Typically, PMA with long side-chains is used as a 
PPD. 
 
1.3.1.9 Corrosion Inhibitors 
     Corrosion inhibitors are added into engine oils to protect non-ferrous materials such as 
copper and lead against corrosive attack by other additives and degraded base oils. Typical 
corrosion inhibitors are benzotriazole and substituted azoles (Figure 1-15). 
 
 
 
 
 
1.3.1.10 Rust Inhibitors 
     Rust inhibitors are used to prevent ferrous surfaces from rust. They are usually surfactant 
molecules having long alkyl chains and polar groups. They adsorb on the surfaces and reduce 
water mobility, so that electrolytic attack is inhibited. 
CH2 C
CH3
CH2
O O
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C
CH3
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CH2 CH2 CH2 CH
CH3
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PMA OCP 
Figure 1-14. Chemical structures of viscosity index improvers. 
Figure 1-15. Chemical structures of corrosion inhibitors. 
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1.3.1.11 Foam Inhibitors 
     Form inhibitors function to destabilize and rupture forms generated during operation of 
engines. Generally, polydimethylsiloxanes having high molecular weight are utilized as form 
inhibitors (Figure 1-16). They are dispersed in lubricants.  
 
 
 
 
 
 
1.3.2 Base Oils 
     The main component in lubricants is not additives but base oil; typical lubricants are 
composed of 95% base oil and 5% of additives by weight. Two types of base oils, mineral 
base oils and synthetic base oils, are used for automotive lubricants including engine oils. In 
addition, GTL (Gas-to-Liquid) base stocks are shortly expected to produce a new type of base 
oils.  
 
1.3.2.1 Mineral Base Oils 
     Mineral base oils are produced from crude oils. The main components are hydrocarbons 
having approximately 30 carbons, in which there are three types of hydrocarbons: paraffinic, 
naphthenic, and aromatic. Paraffinic hydrocarbons are linear or branched alkyl chains; 
naphthenic ones have saturated cyclic structures such as cyclohexane moieties; and aromatic 
ones have unsaturated structures such as benzene moieties. Some impurities, for example, 
organosulphur and organonitrogen compounds, are also contained in mineral base oils. These 
impurities can positively and/or negatively affect the antioxidant, antiwear, and frictional 
properties of base oils. API categorizes mineral base oils based on properties such as saturates 
content, sulphur content, and viscosity index into three groups: Group I, Group II, and Group 
III (Table 1-7). The differences in the properties result from differences in refining processes 
as well as in the properties of crude oils. 
 
 
 
 
 
Category Saturates Sulphur Viscosity Index
Group I < 90% 0.03% < 80 - 120
Group II  90% ≤ ≤ 0.03% 80 - 120
Group III  90% ≤ ≤ 0.03% 120 ≤
Figure 1-16. Chemical structure of form inhibitor. 
Table 1-7. API categories of mineral base oils. 
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1.3.2.2 Synthetic Base Oils 
     Synthetic base oils practically focused in engine oils are polyalphaolefins (PAOs) and 
synthetic esters [92]. PAOs are oligomers of α-olefins, usually α-decene (Figure 1-17). PAOs 
with a wide range of viscosity are commercially available; for example, 2, 4, 6, or 8 cSt at 
100 °C. PAOs are superior to mineral oils in low-temperature properties, thermal stability, 
and volatility. However, PAOs have difficulty in dissolving polar additives because of their 
low polarity. Therefore, PAOs are usually combined with other polar base oils such as 
synthetic esters or mineral oils for practical use. Representative synthetic esters, diesters and 
polyol esters are shown in Figure 1-18. Their chemical structures including alkyl structures 
can largely affect their properties. Practical benefits in application of synthetic oils such as 
PAOs and esters instead of mineral oils are higher viscosity index, lower volatility, superior 
engine cleanliness, and higher resistance to viscosity increase, although the cost is higher [93, 
94].          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-17. Chemical structure of polyalphaolefin (PAO). 
Figure 1-18. Chemical structures of synthetic esters. 
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1.3.2.3 GTL Base Stocks 
     GTL base stocks are produced from natural gas by some processes including the Fischer-
Tropsch process. GTL base oils are very pure saturated hydrocarbons, without sulphur, 
nitrogen, aromatics, and olefins. GTL base stocks are expected to have equivalent 
performances to PAOs and to be cheaper than synthetic base oils such as PAOs and esters. At 
this moment, the commercial availability of GTL base stocks is limited, but the world’s 
largest GTL base oils plant by Shell and Qatar Petroleum is scheduled to start production in 
2011. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  46
1.4 Trends in Development of Additives and Formulations for Engine Oils 
     As stated above, it is essential to improve fuel efficiency and compatibility with catalysts 
of exhaust after-treatment systems for the development of new engine oils. Adaptations to 
new fuels, materials, and equipments are also required. The most difficult thing is to satisfy 
these demands without reducing essential performances of engine oils such as antiwear and 
antioxidant properties [95, 96]. Table 1-8 briefly shows possible problems caused by 
satisfying environmental demands. For example, reducing viscosity is an effective way to 
lower friction, but it could reduce antiwear performance and increase oil consumption. Using 
MoDTC as FM to reduce boundary friction could result in higher cost and increase of metal 
content of lubricants. Reducing ZDDPs seems to be easiest way to reduce sulphur, 
phosphorus, and metal at the same time; however it can cause poorer antiwear and antioxidant 
performance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     As can be seen, it is quite difficult to satisfy these demands only by rearranging 
compositions of conventional additives. Therefore the development and employment of novel 
additives is being investigated. Especially, antiwear additives with low SAPS (Sulphated Ash, 
Phosphorus, and Sulphur) or hopefully zero SAPS are being most strenuously studied for the 
purpose of partial or entire replacement of ZDDPs, since ZDDPs contain all of these three 
components which can damage the after-treatment systems [97]. Some representative 
examples of the potential antiwear additives to replace ZDDPs are shown in Table 1-9.  
Alkylthiophosphates, alkylthiophosphites, metal dialkyldithiocarbamates, and metal 
Table 1-8. Possible problems caused by satisfying environmental demands on engine oils. 
Demands Means Possible Negative Aspects
Antiwear Performance ↘
Oil Consumption ↗
Cost ↗
Metal and Sulphur contents ↗
Reducing ZDDP Antiwear and Antioxidant Performance ↘
Using low S base oils Cost ↗
Employing Salicylates Not Known
Low P Reducing ZDDP Antiwear and Antioxidant Performance ↘
Reducing ZDDP Antiwear and Antioxidant Performance ↘
Dispersing Ability of Soot and Sludge ↘
Neutralizing Ability of Acid Compounds ↘
Low Ash
Reducing Detergents
Low friction
Reducing Viscosity
Using FM (MoDTC)
Low S
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M P S
--- ✓ ✓
✓ --- ✓
✓ ✓ ---
--- --- ✓
--- ✓ ---
✓ --- ---
--- --- ---
Examples
dialkylphosphates are exemplified as antiwear additives containing two of the SAPS; 
dialkyldisulphides, thiadiazoles, alkylphosphates, alkylphosphites, and organometallics as 
additives containing one of them; boric acid esters and benzotriazoles as additives containing 
none of them. The references of these additives can be found in the review by Spikes [97]. 
However, engine oils employing such antiwear additives instead of ZDDPs are very limited in 
practical use at this moment. In short, ZDDPs are still employed as antiwear additives in 
almost all crankcase oils. In addition, it should be noticed that the replacement of ZDDPs also 
requires provision of antioxidant performance, since ZDDPs are also powerful peroxide-
decomposing antioxidants, although the requirement can be more straightforwardly fulfilled 
by adding antioxidants such as hindered phenols and secondary aromatic amines. Thus, to 
replace ZDDPs, it is essential to combine several conventional and/or novel additives 
effectively, which could necessitate high-level formulation technologies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1-9. Potential low- or zero-ash antiwear additives to replace ZDDPs. 
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Chapter 2 
 
Previous Studies of ZDDPs as Antiwear and EP Additives 
 
     Zinc dialkyldithiophosphates (ZDDPs), which have been practically used as multi-
functional (antiwear, mild EP, and antioxidant) additives in engine oils for more than 60 
years, are very important reference materials in this study because ZDDPs have a similar 
structure to zinc dialkylphosphates (ZDPs). Here, previous studies of ZDDPs as antiwear and 
EP additives are briefly summarized.  
 
 
2.1 Studies of ZDDPs as a Single Component  
     A large number of studies have been carried out for clarifying the mechanisms of ZDDPs 
antiwear and EP performance [61-63]; however these mechanisms are not yet fully 
understood. In this section, previous studies of ZDDPs as a single component, without any 
other additives present, are reviewed. 
 
2.1.1 Antiwear and EP Performance 
     The antiwear and EP performance of ZDDPs has been evaluated by various kinds of tribo-
machines such as Shell four-ball, Falex block-on-ring, pin-on-disc test machine, and 
Cameron-Plint reciprocating rig. From a number of studies using such tribo-machines, 
ZDDPs are generally recognized to be both an antiwear and a mild EP additive. A lot of 
research has been carried out to evaluate factors such as the structure of ZDDPs, their 
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concentration, and rubbing conditions on their performance. The effect of alkyl structures of 
ZDDPs on the antiwear and EP performance has been investigated [98, 99]. Generally, 
antiwear effectiveness is considered to correlate inversely with thermal stability of ZDDP 
molecules. Secondary and short-chain primary ZDDPs are more antiwear effective than long-
chain primary and aryl ZDDPs because the former ZDDPs are less thermally stable than the 
latter ZDDPs. However, this trend does not seem always true, which also depends on the 
chain length, rubbing test machine, rubbing condition, specimen material, and so on. 
Systematic studies of the effect of alkyl structures have been limited, which may be because 
ZDDPs have been developed from the aspect of commercial availability and cost of the 
corresponding alcohols rather than performance. Most methods of synthesis of ZDDPs can 
also be a quite unpleasant and noxious, which may have deterred academic work. Born et al. 
investigated the effect of metals and concluded that ZDDPs are the best compromise from the 
practical aspect, that is, balancing toxicity and effectiveness, although PbDDPs (lead) and 
CdDDPs (cadmium) have the better EP and antiwear performances (Figure 2-1) [98]. The 
antiwear properties of neutral and basic ZDDPs have been compared by Yamaguchi et al. 
[100, 101]. They have concluded that there is no distinguishable difference between neutral 
and basic ZDDPs in antiwear performance evaluated for simple solutions of ZDDPs by a pin-
on-disc tribometer, although it was reported that neutral ZDDPs provide better antiwear 
performance than basic ZDDPs in formulated oils in engine valve trains. 
 
 
 
 
 
 
 
 
 
 
     The effect of thermal or oxidative decomposition on ZDDPs antiwear performance has 
been investigated for the purpose of evaluating persistency of the performance in engine oils. 
Fujita et al. have shown that antiwear performance of ZDDP oils is deteriorated by preheating 
at 135 ºC [102]. They have suggested that the poorer antiwear performance is caused by the 
precipitation of decomposition compounds, that is, by a third body abrasive wear because the 
Figure 2-1. EP (left) and antiwear (right) performances of various metals 
dialkyldithiophosphates [98]. 
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antiwear performance can be improved by adding dispersants or detergents to dissolve the 
decomposition products. However, Fuller et al. found that ZDDP oils preheated at 200 ºC, 
from which insoluble precipitates are removed by centrifugation, have poorer antiwear 
performance than the non-preheated fresh oils [103]. Masuko et al. have studied the effect of 
oxidative degradation of ZDDPs on their antiwear performance [104]. They show that the 
antiwear performance of ZDDPs is deteriorated by oxidative degradation and that their 
performance in the highly degraded region is worse than that of additive-free base oil (Figure 
2-2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     The effect of concentration of a primary/secondary mixed ZDDP on antiwear performance 
has been investigated by Zhang et al. [105]. They have shown that there is little difference in 
antiwear performance in a range of ZDDP concentration from 0.1 to 1.0 wt% (from 0.011 to 
0.11 wt% phosphorus), while wear significantly increases as the concentration exceeds 2.0 % 
(about 0.22 wt% phosphorus). They suggest that the poorer antiwear performance at the high 
concentration of ZDDP may be due to a third body effect of film material which is removed 
from excessively thick films. Fan et al. have studied the effect of concentration of a secondary 
ZDDP in a range from 0.005 to 0.05 wt% phosphorus [106]. The antiwear performances, 
Figure 2-2. Antiwear properties of oxidatively degraded ZDDPs [104]. 
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which were evaluated by analysing iron content in the test oil after rubbing tests, were poorer 
at 0.005 and 0.01 wt% phosphorus than that for the base oil without any ZDDP. For 0.02 – 
0.05 wt% phosphorus, each antiwear performance is better than for the base oil, and the 
performance is better as the concentration is higher in the range.  
 
2.1.2 Properties of ZDDP-Derived Films 
     The antiwear performance of ZDDPs stated above is most generally recognized to be 
achieved by forming reaction films and thus protecting metal surface mechanically. A number 
of researches have been carried out to investigate the chemical composition and physical 
properties of the films formed by ZDDPs, using various kinds of surface analyses [107]. 
 
2.1.2.1 Chemical Characterization 
     A lot of surface analyzing techniques have been developed and applied to chemically 
characterize ZDDP-derived films; IR spectroscopy, XPS (X-ray Photoelectron Spectroscopy) 
or ESCA (Electron Spectroscopy for Chemical Analysis), EDX (energy dispersive X-ray 
analysis), AES (auger electron spectroscopy), EXAFS (x-ray absorption fine structure 
analysis), XANES (x-ray adsorption near edge spectroscopy), and so on. 
     Most IR spectroscopy studies have reported that some absorbance bands are observed 
between 800 and 1300 cm-1 wavenumber for films formed by ZDDPs [108-112]. The bands 
are assigned to phosphorus-contained functional groups, which indicates that the ZDDP-
derived films may consist mainly of metal polyphosphates and/or pyrophosphates. The 
growth and transition of the films with rubbing and heating have also been studied by 
evaluating the peak intensity and shift [111, 112]. The intensity of peak around 1200 cm-1, 
which may be assigned due to P=O or P-O(-metal) stretch, was observed to increase with 
sliding distance. In addition, a tribo-machine attached to IR spectrometer has been developed 
by Piras et al. [113, 114]. The apparatus enables in-situ chemical analysis of tribo-films. 
     XPS (or ESCA), EDX, AES, and SIMS are very useful techniques for obtaining 
information about atomic compositions at surfaces of the films, which has been mainly or 
complementarily employed for chemical characterization of ZDDP films [114-124]. These 
techniques can also measure depth profiles of atomic composition of the films using focused 
ion beam etching. It has been observed by means of these techniques that the ZDDP-derived 
films have layered structures comprised of metal (zinc and iron) phosphates and sulphides. In 
addition, SIMS analysis of films formed by a deuterated ZDDP has indicated that 
hydrocarbons films derived from the ZDDP but not from the base oil form near the surface of 
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the antiwear film [125]. From these analyses, many researchers have been suggested 
structures of ZDDP-derived films (Figure 2-3) [116-120]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-3. Various schematic illustrations of the layered structures of ZDDP 
films [116-120]. 
(a) [116] (b) [117] 
(c) [118] 
(d) [119] 
(e) [120] 
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     Although there are some differences between the suggested structures, the most likely 
structure is as below: 
 
- The bottom layer of the film at the interface of metal surface comprises metal (iron and 
zinc) sulphides. 
- A layer comprised of zinc and iron polyphosphates forms on the metal sulphide layer. 
In the layer, the polyphosphate chain is longer and the portion of zinc cation is larger at 
upper layer. 
- The top surface of the glass film is covered by intact ZDDPs and/or their 
decomposition compounds. 
 
Martin has suggested the antiwear mechanism of ZDDPs by analyzing wear debris [126]. In 
mild rubbing conditions, zinc polyphosphate glass film protects metal surface from wear. In 
more severe conditions, short-chain zinc phosphates film ‘digests’ abrasive iron oxide particle 
to reduce wear. In very severe conditions, e.g. extreme pressure conditions, sulphur species 
react with nascent iron surfaces and form a layer iron of sulphides to avoid adhesive wear. 
This suggested mechanism is considered to correlate closely with the film-forming 
mechanism, which will be stated in Section 2.1.3. In addition, a tribo-machine equipped with 
AES has been developed to enable in situ measurement [127]. This is practically useful for 
the study of transfer processes occurring at contact surface. 
     Since the late 1990s, XANES has also been employed extensively to analyze the chemical 
properties of ZDDP films [103, 119, 128-136]. In XANES measurements, rough depth 
profiling is available by using two kinds of measurement modes: TEY (Total Electron Yield) 
mode for the first 50 Å of the surface and FY (Fluorescence Yield) mode for 500 Å. Also it is 
possible to evaluate length of polyphosphate chains and existence of intact ZDDPs by 
comparing intensities of phosphorus L-edge peaks in the 130 and 140 eV photon energy 
region. These studies by XANES have shown that the polyphosphate chains are longer at the 
surface than in the bulk, which is consistent with the layered structures stated above. Also it 
has been shown that ZDDPs initially form films composed of short chain polyphosphates and 
the films transform to bilayer polyphosphate films during extended rubbing, in which the 
longer-chain ones are at the surface and the shorter-chain ones are in the bulk [133]. In 
addition, comparisons between the films formed by alkyl ZDDPs and aryl ZDDPs and 
between the films formed by neutral ZDDPs and basic ZDDPs have been carried out [134, 
135]. Alkyl ZDDPs form the bilayer polyphosphates films as stated above, while aryl ZDDPs 
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form films composed mainly of long chain polyphosphates. The films formed by basic and 
neutral ZDDPs are similar in terms of the chemical environment of phosphorus and sulphur, 
although the films generated from basic ZDDPs contain more iron than the films generated 
from neutral ones. 
 
2.1.2.2 Physical Characterization 
     Physical properties such as topography, thickness, hardness, and durability of ZDDP-
derived films have been investigated by AFM (Atomic Force Microscopy), SLIM (Spacer 
Layer Interferometry), ECR (Electrical Contact Resistance), nano-indentation, and so on.  
     SEM and AFM studies have shown that ZDDP films have an inhomogeneous, patchy 
structure consisting of micrometre-scale pads often elongated along the rubbing direction  
(Figure 2-4) [105, 108, 136-140]. Nicholls et al. have investigated ZDDP tribo-films by AFM 
and XANES to show that pad regions consist of longer-chain polyphosphates, while valley 
regions consists of shorter-chain poly phosphates and intact ZDDP [141]. 
 
 
 
 
 
 
 
 
 
 
     Film thickness has been measured by various methods to be from 10 to several hundreds 
nanometres, depending on film-forming conditions. AES depth profiles of films formed on 
tappets of a cam/tappet tribo-test apparatus have shown that the films are 30-40 nm thick 
[142]. Palacios has shown by EDX depth profile that film thickness is affected by load and 
concentration of ZDDP and has suggested that the film thickness arises from a balance 
between the rate of growth and removal [143]. In addition, thickness of ZDDP films have 
been estimated from intensity of phosphorus K-edge peak observed by XANES. Zhang et al. 
have shown that primary/secondary mixed ZDDPs form a 70 nm thick film by one hour 
rubbing and that the thickness decreases with extended rubbing [105]. Moreover, in situ 
measurements of film thickness, in other words, the dynamic measurements during rubbing 
Figure 2-4. AFM topography maps of tribo-film formed by a secondary ZDDP 
[140]. 
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test without removing specimens from tribo-machines are important to investigate film-
forming mechanisms of ZDDPs. ECR has been used as a barometer of film growth since 
ZDDP-derived films electrically insulate metal-metal rubbing contacts [95, 96, 144, 145]. 
     SLIM, whose key technique has been developed by Imperial College, is very useful for 
studies of film-forming kinetics of ZDDP [146-151]. SLIM attached on MTM (Mini Traction 
Machine) can monitor film thickness and friction behaviour during rubbing tests in various 
conditions. The details of the apparatus will be stated in the experimental section. Fujita et al. 
have investigated effects of various parameters in rubbing conditions and lubricants on film-
forming properties of ZDDPs by MTM-SLIM [148-150].  The results are briefly summarized 
as below. 
 
- For a primary ZDDP, initial film-forming rate is higher and the stabilized film is 
thicker as oil temperature is higher. For a secondary ZDDP, the trends are similar but 
the influence of temperature is relatively small. 
- The rate of film formation of the primary ZDDP increases with concentration, although 
the stabilized film thickness is independent of concentration. For the secondary ZDDP, 
the film forming rate increases with concentration, while the stabilized film is thinner 
as concentration is higher.  
- For the secondary ZDDP, higher lambda ratio causes faster film-forming rate and 
formation of smoother films. 
- In general, the secondary ZDDP forms a film faster than the primary ZDDP. However, 
the stabilized film generated from the secondary ZDDP is thinner than the film formed 
by the primary one.     
- ZDDP forms a film by rubbing even at room temperature. 
 
From these results, the authors have suggested that ZDDPs form antiwear films mainly by a 
tribo-chemical process (reaction catalysed by metal species or by electrons released during 
rubbing), not by thermal decomposition process. Topolovec-Miklozic et al. have compared 
film thickness values obtained by SLIM and AFM and concluded that the values are similar, 
although there is some difference in the roughness [151]. Moreover, spectroscopic 
ellipsometry has been used for in situ measurement of tribo-film thickness [112, 152]. Aoki et 
al. have studied the film-forming properties of a primary ZDDP and have shown that the film 
thickness initially increases by rubbing and then stabilizes at some value even if the rubbing 
continues [112], which is consistent with the results observed by SLIM.  
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    Some research on the mechanical properties of ZDDP-derived films has been carried out by 
the nano-indentation method [137-139, 153, 154]. The features obtained from the studies are 
as below. 
 
- Nano-mechanical properties are inhomogeneous. They vary from spot to spot. 
- The centre of large pads shows higher indentation moduli, or elasticity, than the edge 
of large pads and the whole surface of small pads. 
- Films formed by alkyl ZDDPs (primary and secondary ZDDPs) have higher elasticity 
than films formed by aryl ZDDPs. 
- When measured below 150 ºC, indentation moduli of a ZDDP film formed at 100 ºC 
are relatively constant. The modulus of the film is lower at 200 ºC, although the film is 
still stiff enough to prevent wear. 
 
From nano-indentation test results, Bec et al. have suggested the existence of a viscous layer 
with low elasticity on top of a polyphosphate glass film, as shown in Figure 2-5 [153]. Some 
researchers have studied the durability of ZDDP films and shown that films formed by ZDDP 
are not significantly removed by rubbing in base oil without ZDDP [128, 149]. However, the 
ZDDP film can be greatly, but not completely, removed by rubbing with dispersants. It was 
also shown by ECR measurements that hydroperoxides remove ZDDP-derived films [155]. 
     
 
 
 
 
 
 
  
 
 
 
 
 
 
 
Figure 2-5. Schematic picture of the proposed structure of ZDDP film [153]. 
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     Finally, to sum up the characteristics of ZDDP-derived films briefly, the most likely 
structure of the films is shown in Figure 2-6, which has been proposed by Spikes [61]. It 
should be noticed that the scale normal to the surface is about 100 times larger than the 
horizontal scale so the films are more plane than the schematic illustration. 
 
 
 
 
 
 
 
 
 
2.1.2.3 Properties of Thermal Films 
     A film which is thermally formed by immersing metal in a heated ZDDP solution is 
generally termed ‘thermal film’. Properties of thermal films have been investigated by many 
researchers and have been shown to be similar to, but also different from tribo-films formed 
by rubbing. 
     The similarities between them are as below. Thermal films have pad structure like tribo-
films [109, 136], and consist mainly of polyphosphates, with short-chain ones in the bulk and 
long-chain ones on the surface [103, 128, 131, 136]. The thickness of thermal films is from 10 
to several hundreds nanometre, which depends on temperature, immersing time, and ZDDP 
types [131, 135, 148]. 
     There are some differences found between thermal films and tribo-films. The most 
significant difference is that thermal film formation needs more heat energy than tribo-film 
formation. The thermal films do not form at less than 100 ºC, although tribo-films are formed 
even at room temperature [148]. However, thermal films are formed at 150 ºC which is still 
lower than the decomposition temperature of ZDDPs [113, 148]. This may be because metal 
surfaces may catalytically promote the thermal film formation. Also, the elasticity of 
thermally-formed films is generally lower than tribo-films; however thermal films appear 
durable enough to support reasonable load since the films were reported to remain during 
rubbing with base oil for 12 hours [128]. Moreover, there is a difference in the chemical 
composition between thermal films and tribo-films in that iron cation is not detected in 
thermal films, while it is detected in trio-films [114]. 
Figure 2-6. Schematic diagram of pad structure and composition of ZDDP film 
[61]. 
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2.1.3 Film-Forming Mechanism 
     There is still much about the film-forming mechanism of ZDDPs that is not fully 
understood, despite the enormous amount of research carried out over a half century. In this 
section, some proposed, film-forming mechanisms are reviewed; thermal, hydrolysis, 
thermooxidative decomposition process, and combination of these mechanisms. 
 
2.1.3.1 Thermal Decomposition Process 
     Thermal decomposition of ZDDPs has been suggested to be initiated by migration of alkyl 
groups from oxygen to sulphur atoms [156, 157]. The decomposition process suggested by 
Dickert et al. is shown in Figure 2-7. After the alkyl migration, the alkyl chains are eliminated 
as thiols and olefins from the linkage isomers of ZDDPs, which is followed by formation of 
zinc polyphosphates. Also it has been shown that the thermal stability of ZDDPs decreases 
with increase of the number of β-hydrogen atoms of alkyl chains, which results in the lower 
stability of secondary ZDDPs than primary ones (for example, a secondary C3 (iso-propyl) 
ZDDP has six β-hydrogen atoms, while a primary C3 (n-propyl) ZDDP has two β-hydrogen 
atoms). 
 
 
 
 
 
 
 
 
    
 
 
   
 
 
 
 
 
 
Figure 2-7. Mechanism of the thermal decomposition of ZDDPs [156]. 
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2.1.3.2 Hydrolytic Decomposition Process 
     Hydrolytic decomposition process of ZDDPs has been proposed by Spedding et al. [158]. 
In the process, water reacts with ZDDPs to eliminate alkyl chains as alcohols from the 
molecules (Figure 2-8). The phosphoric acid moieties of the compounds generated by the 
hydrolytic reactions react with each other to form zinc polyphosphates. They have also 
suggested some side reactions, for example, the migration of alkyl chains and elimination of 
sulphur from the molecules.   
 
 
 
 
 
 
2.1.3.3 Thermooxidative Decomposition Process 
     As stated in Section 1.3.1.3, ZDDPs function as antioxidants. The reaction scheme is 
shown in Figure 2-9 [110]. Willermet et al. have been suggested a thermooxidative 
decomposition process to form polyphosphate films, in which many kinds of ‘semi-products’ 
shown in Figure 2-9 work as precursors for the film formation [110, 159]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-8. Hydrolytic reaction of ZDDP. 
Figure 2-9. Antioxidant reaction scheme for ZDDP [110]. 
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2.1.3.4 Other Proposed Mechanisms 
     More researchers have suggested different but similar mechanisms, in which one part is 
common, another part is original. Some of the mechanisms are introduced here. 
     Yin et al. have suggested that ZDDPs adsorb on metal surfaces and then decompose by 
thermal oxidation decomposition processes to form long-chain zinc polyphosphates [132]. 
After the formation of the long-chain polyphosphates, the polyphosphates react with iron to 
form short-chain iron polyphosphates at the interface. This can explain why ZDDP-derived 
tribo-films have a layered structure.  
     Fuller et al. have suggested that intact ZDDPs and/or linkage isomers of ZDDPs (Figure 2-
10) adsorbed on metal surface and form long-chain zinc polyphosphates by the thermal 
decomposition process [103]. The long-chain polyphosphates have been suggested to be 
hydrolysed to short-chain polyphosphates after that. However, this chain-shortening 
mechanism by hydrolysis seems impossible to explain the existence of iron cation in the film 
and the layered structure of the film. 
       
 
 
 
     The mechanism suggested by Heuberger et al. is a combination of the two mechanisms 
stated above [122]. Transfer of alkyl chains of ZDDPs from oxygen to sulphur occurs and 
some alkyl chains are removed from the phosphate group as thiols. The isomers react with 
each other to lead zinc polyphosphates. Furthermore, the polyphosphates react with iron 
oxides to form shorter zinc and iron polyphosphates.           
     Martin et al. have introduced the HSAB (Hard and Soft Acid and Base) principle to 
develop a mechanism of the ZDDP film formation [119, 126]. In the suggested mechanism, 
thermally-induced films, not tribo-films, are formed on the metal surfaces as the fist step, and 
then the film consisting of long-chain zinc polyphosphates ‘digests’ wear debris, Fe2O3, to 
form short-chain zinc and iron polyphosphates. The ‘digestion’ of Fe2O3 by the zinc 
polyphosphate film is based on the HSAB principle that hard acids prefer to react with hard 
bases [160]. The zinc polyphosphates prefer to react with Fe2O3, because Fe3+ is a harder 
Lewis acid than Zn2+, and phosphates are hard bases. 
     The mechanism suggested by Zhang et al. is a little different from the above four 
mechanisms [133]. The difference is the order of the formation of long- and short-chain 
polyphosphates. At first, adsorbed ZDDPs on steel surface react with iron oxides and oxygen 
Figure 2-10. A linkage isomer of ZDDP. 
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dissolved in oil to form short-chain zinc and iron polyphosphates. Then, as the film grows, 
long-chain zinc polyphosphate film is formed because of less availability of iron cation.  
     These mechanisms reviewed here are briefly illustrated in Figure 2-11. At this moment, it 
is not clear which path is the most probable mechanism of the film formation of ZDDPs. Also 
this might depend on the rubbing conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-11. Brief summary of proposed ZDDP film-forming mechanisms. 
ZDDP LI-ZDDP* (in solution)
(on metal surface)ZDDP LI-ZDDP*
(*LI-ZDDP: Linkage Isomer of ZDDP)
Adsorption
Thermal-oxidative
Decomposition
Reaction with Substrate
Long-chain
zinc polyphosphates
Short-chain
zinc/iron polyphosphates
Chain shortening
at the interface
(Reaction with substrate,
cation exchange, hydrolysis)
Film Growing
Inhomogeneous layered film
(longer polyphosphates, less iron at the top;
shorter polyphosphates, more iron at the bottom)
Adsorption
(+ olefins and sulphides)
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2.1.4 Friction Properties 
     The friction properties of ZDDPs have also been evaluated by some researchers. Taylor et 
al. employed MTM-SLIM to study the evolution of friction properties of ZDDPs with film 
growth [146, 147, 161]. The studies have shown that the friction in the intermediate speed 
range increases along with film growth (Figure 2-12). A similar trend was observed in other 
papers [112, 140]. Taylor et al. have suggested that ZDDP reaction films inhibit the 
entrainment of liquid lubricant into rolling/sliding contacts. This causes a shift in the Stribeck 
curve to higher speed, which result in the friction increase in the intermediate speed region. 
They have also suggested that roughness increase due to the ZDDP film formation may not be 
a main reason for the friction increase or the Stribeck curve shift. 
 
 
 
 
 
 
 
 
 
 
 
 
 
     Some studies have evaluated the effects of rubbing conditions on the friction properties of 
ZDDPs. It has been reported that ZDDPs generally show higher friction at higher temperature 
[122, 152] and that load hardly affects the friction values [152]. In addition, the effect of alkyl 
structure on the boundary friction has been studied by Aoki et al [99, 162]. In the range of the 
sliding speed from 10-4 to 10-1 m/s, the friction of the secondary ZDDPs increases as the 
sliding speed decreases (Figure 2-13). On the contrary, the boundary friction of the primary 
ZDDP having branched octyl chains remains the same over the ranges, while the friction of 
the primary ZDDP having linear dodecyl chains decreases as the sliding speed decreases. 
Moreover, Yamaguchi et al. have compared the friction properties of neutral and basic 
ZDDPs and have concluded that there is no distinguishable difference in friction properties 
between them [100].      
Figure 2-12. Transition of friction property of ZDDP with rubbing time [147]. 
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Figure 2-13. Plots of friction coefficient versus sliding speed for four types of 
ZDDPs at 100 ºC [99]. 
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2.2 Studies of Effect of Other Additives on ZDDP Properties 
     In practical use, ZDDPs is hardly ever used as a single component in engine oils. Many 
other additives such as dispersants, detergents, friction modifiers, and viscosity improvers are 
added together in engine oils in order to achieve and improve many functions of the lubricant. 
These additives can interact with each other to show synergic or antagonistic effects on their 
properties [163-165]. In this section, the effects of dispersants, detergents, and MoDTC on the 
tribological properties of ZDDPs are reviewed, because these three additives are considered to 
have a significant impact on ZDDP properties compared to other additives. 
 
2.2.1 Effects of Dispersants 
     A lot of research has been carried out to study the effect of dispersants, typically 
polyisobutenyl succinimide polyamines (Figure 1-12), on the tribological properties of 
ZDDPs. The effects of dispersants on the film-forming behaviour, the formed film properties, 
and the antiwear performance of ZDDPs are illustrated here. Also, some studies on the 
molecular interaction between ZDDPs and dispersants and on the adsorbing ability of ZDDPs 
in the presence of dispersants are introduced because they reveal possible mechanisms of the 
effect of dispersants on the tribological properties of ZDDPs. 
 
2.2.1.1 Film-forming Behaviour and Formed Film Properties 
     The film-forming properties of ZDDPs in the presence of dispersants have been 
investigated by ECR and it has been indicated that ZDDP film formation is interfered by 
dispersants [166, 167]. Roby et al. have reported that a low-molecular-weight dispersant 
slows the film formation of a secondary ZDDP but does not prevent it, while a high-
molecular-weight one inhibits the film formation. Taylor et al. have studied the film-forming 
properties of a mixed secondary ZDDP in the presence of a dispersant by MTM-SLIM [147]. 
They have reported that the film-forming rate of the ZDDP in the presence of the dispersant is 
slower than that in its absence, and that the film formed in its presence is thinner and 
smoother than the film formed without the dispersant. They have also shown that the 
dispersant increases friction of the ZDDP film in the boundary lubrication region (Figure 2-
14). Moreover, Fujita et al. have reported that tribo-films formed by ZDDPs alone can be 
partly, but not completely, removed by rubbing with a succinimide-type dispersant [149]. 
     Chemical characteristics of ZDDP-derived films formed with dispersants have been 
studied and it has been shown that the films formed with dispersants are a little different from 
the films formed without dispersants [168-172]. Martin et al. have studied a tribo-film formed 
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by a secondary ZDDP and a succinimide dispersant using XPS and have shown that the film 
is comprised of zinc polyphosphates containing a high level of impurities such as sulphates, 
nitrates, and residual succinimide organic compounds [168]. Characterization using XANES 
has also been carried out. The research has indicated that polyphosphate chains of the films 
formed with dispersants are shorter than those of the films formed without it, which is 
believed to be because ammonium cations introduced into the films shorten the 
polyphosphates chains in the presence of dispersants [169-172]. It has also indicated that there 
is no intact ZDDP and almost no sulphur in the films formed by ZDDPs with dispersants. In 
addition, it has been shown that the thermal decomposition of ZDDPs is enhanced by the 
presence of dispersants. 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.2.1.2 Antiwear Performance 
     The antiwear performance of ZDDPs in the presence of dispersants has been evaluated by 
many researchers [104, 171-173]. Some researches have shown that there is no significant 
effect of dispersants on antiwear performance of ZDDPs [171, 172]. However, Shirahama et 
al. have reported that valve train wear in engine tests increases in the presence of dispersants, 
while the antiwear performance of ZDDPs evaluated by FALEX tribo-machine is improved 
by its presence [173]. Masuko et al. have investigated the effect of dispersants on the antiwear 
performance of oxidatively-deteriorated ZDDPs [104]. With a low dispersant concentration, 
the antiwear performance is improved by dispersant in the low-degradation region, although 
there is no effect of dispersant in the high-degradation region (Figure 2-15). With a high 
dispersant concentration, the antiwear performance is improved by the presence of the 
Figure 2-14. Effect of a dispersant on friction properties of ZDDP [147]. 
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dispersant in the wide range of ZDDP degradation. Also the effects of amines on the antiwear 
properties of ZDDPs have been studied [174, 175]. Alkyl primary-amines show synergistic or 
almost no effect on the antiwear performance of ZDDPs at low concentrations of amines, 
although they show antagonistic effect at higher concentrations. To sum up these studies 
briefly, the effects of dispersants and amines on the antiwear performance of ZDDPs seem 
dependant on rubbing conditions and their concentrations. These effects may be caused by the 
slower and thinner film formation and/or the change in the film composition as stated in the 
previous section. 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.2.1.3 Molecular Interactions 
     The molecular interactions between ZDDPs and dispersants or amines have been 
investigated by 31P-NMR, IR, XPS, X-ray single crystal structural analysis, and TGA, 
because the interactions are considered as one possible reason for the effects stated above 
[168, 170, 172-180]. Harrison et al. have observed an increase in 31P-NMR chemical shift of 
phosphorus of ZDDPs by the presence of mono-succinimide polyamine [176]. Similar 
behaviour in 31P-NMR chemical shift was observed in the complexes of ZDDPs and amines 
[177, 178]. In IR analyses, the peak at around 660 cm-1, which assigns to P=S stretch or PS2 
anti-symmetric stretch, was observed to be shifted to higher wavenumber (around 675 cm-1) 
by the existence of dispersants or amines [175, 177, 178].  X-ray single crystal structural 
analyses of complexes of ZDDPs and pyridines have exhibited coordination between nitrogen 
and zinc atoms [179]. Several coordination types between nitrogen and zinc atoms in solution 
can be assumed from these studies. The coordination types suggested by Shiomi et al. are 
Figure 2-15. Effect of dispersant on antiwear properties of degraded ZDDP [104]. 
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shown in Figure 2-16 [175]. What coordination types the complexes take may depend on the 
concentration ratio, temperature, and solvent. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.2.1.4 Adsorption Abilities 
     Less adsorption of ZDDPs in the presence of dispersants is considered as a possible reason 
for the effects of the latter on the ZDDP properties. Therefore the adsorption abilities of 
ZDDPs on metal surfaces in the presence of dispersants and amines have been investigated. 
Wu et al. have reported that a secondary ZDDP does not adsorb on metal surfaces in the 
presence of a bis-succinimide dispersant, although the ZDDP adsorbs in the presence of a 
mono-succinimide dispersant. They have suggested that the ZDDP makes complexes with 
both of the dispersants in solutions, and that the complex with the bis-succinimide dispersant 
does not adsorb on the metal surface, while the complex with the mono-succinimide 
dispersant does [181]. Also it has been reported that adsorption ability of ZDDPs in the 
presence of 2-ethylhexylamine is lower than that of ZDDPs in its absence [175]. The 
complexation of ZDDPs and the amine in solution has been suggested as the reason for the 
difference. Martin et al. have carried out XPS measurements of metal surfaces outside the 
wear track and have found that adsorption of ZDDP is hindered by the presence of dispersant. 
They have suggested that the lower adsorption of ZDDP in the presence of dispersant is due 
to their competitive adsorption process, unlike the other studies described above. 
 
Figure 2-16. ZDDP-succinimide polyamine complex in solution [175]. 
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2.2.2 Effects of Detergents 
     Detergents are also one of the most important additives in engine oils. They are required to 
keep engines clean and to neutralize acids. Therefore, the effects of detergents on tribological 
properties of ZDDPs have been investigated vigorously [163-165]. These investigations are 
briefly reviewed here. 
 
2.2.2.1 Film-forming Behaviour and Formed Film Properties 
     The film-forming properties of ZDDPs in the presence of detergents have been studied by 
ECR [166, 182, 183]. The results have indicated that detergents retard the film formation of 
ZDDPs. One possible reason for the slower film formation in the presence of detergents is 
competitive adsorption of ZDDPs and detergents on metal surfaces. It has been reported that a 
phenate detergents adsorb on steel surfaces in preference to a secondary ZDDP [181]. MTM-
SLIM has also been used by Taylor et al. to study the film-forming properties of ZDDPs in 
the presence of detergents [147]. They have reported that the film-forming rate of a secondary 
ZDDP in the presence of a sulphonate detergent is slower than that in its absence, and that the 
film formed with the detergent is thinner than the film formed without it. Kasrai et al. have 
estimated the film thickness of the films formed by ZDDPs and detergents using XANES and 
have shown that the films formed with high-overbased detergents are thinner than the films 
formed by ZDDPs alone, while the films formed with low-overbased detergents are thicker 
than the films formed without it [184]. Here, it should be noticed that overbased detergents 
have themselves been reported to form thick tribo-films without any antiwear additives, as 
stated in Section 1.3.1.4. Therefore, it is necessary to interpret carefully the film-forming 
behaviour observed with mixtures of ZDDPs and detergents.  
     Chemical characteristics of tribo-films formed by ZDDPs and detergents have been carried 
out using XPS [78, 182], TOF-SIMS [185], and XANES [169, 183, 184, 186-188]. Using 
XPS and TOF-SIMS, zinc, calcium, phosphorus, and sulphur were detected on wear scars, 
which indicates that ZDDPs and detergents may be incorporated to form films. XANES 
analyses have illustrated more details about the films formed by ZDDPs and detergents as 
below, although these features can be somewhat dependant on the types of detergents (metals, 
surfactants, and contents of metal carbonates, that is, TBN (total base number)): 
 
- With detergents, the chain length of polyphosphates is shorter than that for the film 
formed by ZDDPs alone. 
- No intact ZDDP is detected in the film formed in the presence of detergents. 
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- With detergents, both calcium and zinc phosphates are detected at the top surface of 
the films. 
 
2.2.2.2 Friction Properties 
     Friction measurements using the Falex pin-V block type and block-on ring type tribo-
machines have shown that detergents reduce friction probably in the boundary lubrication 
region [78, 185]. Yamada et al. have suggested that the friction-reducing properties of 
detergents may be due to the nature of mixed films formed by ZDDPs and detergents and/or 
due to the oiliness effects of detergents. Kubo et al. have suggested that calcium may 
contribute to the friction reduction since calcium contents in the films inversely relate to 
friction coefficient. On the contrary, a study of the friction properties using MTM in a rolling-
sliding condition have shown that the boundary friction of films formed in the presence of a 
sulphonate detergent is higher than the film formed in its absence [147]. The effects of 
detergents on friction properties may depend on rubbing conditions.   
 
2.2.2.3 Antiwear Performance 
     A lot of research has been carried out to evaluate the effect of detergents on the antiwear 
performance of ZDDPs and have indicated that it depends on types of detergents and rubbing 
conditions whether detergents show a synergistic or antagonistic effect or, indeed, no effect at 
all. Some studies are introduced here.   
     Rounds has investigated the effect of detergents on antiwear performance of ZDDPs using 
a conventional four-ball wear test machine [189]. The study has shown that sulphonate and 
phenate detergents show negative or no effects at low load, while an overbased sulphonate 
shows a synergistic effect at high loads, which is independent of ZDDP types. Yamada et al. 
have evaluated the antiwear performance of ZDDP in the presence of detergents using various 
tribo-machines [78]. According to the results, all three types of detergents, i.e. sulphonate, 
salicylate, and phenate show synergistic effects in FALEX seizure tests, while they show 
antagonistic effects in four-ball wear tests and anti-scuffing tests. In other researches, 
synergistic effects of detergents on ZDDP antiwear performance have been measured in 
FALEX wear and four-ball seizure tests [173], no effects in block-on-ring tests [185], and 
antagonistic effects in Plint reciprocating rig tests [184, 186].         
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2.2.3 Effects of MoDTC 
     As stated in chapter 1, automotive lubricants are now required to contribute to improving 
fuel efficiency of vehicles. As one of the measures to satisfy the requirement, friction 
modifiers are now added to high-performance engine oils. Here, the effects of molybdenum 
dialkyldithiocarbamate (MoDTC), which is the most commonly used friction modifier in 
engine oils, on the tribological properties of ZDDPs are discussed. 
 
2.2.3.1 Film-forming Behaviour 
     The effects of MoDTC on the film-forming properties of ZDDPs have been studied using 
ECR [190]. The results have indicated that the film formation of ZDDPs is retarded by the 
existence of MoDTC (Figure 2-17), which was also confirmed by MTM-SLIM [191]. In 
addition, it has been shown that the effectiveness of MoDTC on the film-forming properties 
depends on the type of ZDDP; MoDTC retards the film formation of a primary ZDDP more 
than that of a secondary ZDDP. The competitive adsorption of ZDDPs and MoDTC on metal 
surfaces has been suggested as the reason for the slower film formation of ZDDPs in the 
presence of MoDTC than that in its absence. Also, chemical analyses of films formed ZDDPs 
in the presence of MoDTC have been carried out. Morina et al. have carried out XPS 
measurement of the film formed by ZDDPs and MoDTC and have estimated that the films 
formed by ZDDPs and MoDTC are thinner than the films formed by ZDDP alone [192, 193]. 
Kasrai et al. have employed XANES to chemically characterize the films and have shown that 
the presence of MoDTC decreases the length of polyphosphate chains at low concentrations 
of ZDDPs, while it hardly affects the length at high concentrations [194]. It was also shown 
that iron polyphosphates are not observed in the films formed by ZDDPs and MoDTC.  
 
 
 
 
 
 
 
 
 
 
 
Figure 2-17. Variation in ECR with rubbing time for ZDDP/MoDTC mixtures 
[186]. 
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2.2.3.2 Friction Properties 
     Studies of friction properties of lubricants containing ZDDPs and MoDTC have shown 
that friction in the presence of MoDTC is much lower than that in its absence [140, 190-198]. 
This is generally recognized to result from the formation of MoS2 on ZDDP films. Ye et al. 
have compared the mechanical properties of tribo-films formed by ZDDP/MoDTC and ZDDP 
alone using nano-indentation [198]. It has been revealed that ZDDP/MoDTC films possess a 
lower shear stress than ZDDP films. Also, it has been shown that the friction of the films 
formed by ZDDP and MoDTC is lower than that of the films formed by MoDTC alone 
(Figure 2-18) [190, 194-196]. Muraki et al. have carried out XPS measurement of the films 
formed by ZDDP/MoDTC and MoDTC alone and have shown that MoS2 and MoO3 are 
detected in the ZDDP/MoDTC film, while only MoO3 is detected in the MoDTC film. They 
have suggested that this difference results in the lower friction of ZDDP/MoDTC films than 
that of MoDTC films. The suggested chemical process of MoS2 formation is shown in Figure 
2-19 [199]. For lubricants containing ZDDP and MoDTC, ZDDP is considered to promote the 
formation of MoS2. The contribution of ZDDPs to the MoS2 formation from MoDTC has 
been investigated using a 34S-labelled ZDDP [200]. The investigation has indicated that 
around 40% of the sulphur found in MoS2 is derived from ZDDP. However, other researches 
have shown that the friction for mixtures of ZDDP and MoDTC is higher than the friction for 
MoDTC alone (Figure 2-20) [140, 192, 193]. Also, Morina et al. have reported that the 
superiority is dependent on temperature; ZDDP/MoDTC films exhibit lower friction than 
MoDTC films at 30 ºC, while ZDDP/MoDTC films exhibit higher friction than MoDTC films 
at 100 and 150 ºC [197]. They have concluded that this is due to the difference in the ratio of 
MoS2 showing lower friction and MoO3 showing higher friction contained in the films. 
Moreover, it has been reported that the alkyl structure of ZDDP affects the friction in the 
presence of MoDTC when the MoDTC concentration corresponds to less than 50ppm 
molybdenum, while it hardly affects when the concentration corresponds to over 200ppm 
molybdenum [190]. 
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Figure 2-18. Friction properties of the four types of oils: base oil alone, base oil + 
ZDDP, base oil + MoDTC, and base oil + ZDDP + MoDTC [195]. 
Figure 2-19. Chemical process of MoS2 formation from MoDTC in the presence 
of ZDDP [199]. 
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2.2.3.3 Antiwear Performance 
     The effects of MoDTC on ZDDP antiwear performance have been evaluated using a 
reciprocating pin-on-plate rig [193, 194, 197]. It has been shown that MoDTC has negative 
effect on ZDDP antiwear performance, although MoDTC itself shows some antiwear 
properties (Figure 2-21). Contrary to this, a study using a reciprocating ball-on-plane rig has 
shown that MoDTC shows a synergic effect on ZDDP antiwear performance [196]. The 
effects of MoDTC on ZDDP antiwear performance may depend on rubbing conditions.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-20. Friction properties of the four types of oils: base oil + ZDDP, base oil 
+ MoDTC, and base oil + ZDDP + MoDTC [192]. 
Figure 2-21. Antiwear properties of the four types of oils: base oil (001A), base 
oil+ ZDDP (002A), base oil + MoDTC (003A), and base oil + ZDDP + MoDTC 
(004A) [193]. 
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2.3 Summary 
     Some previous research on ZDDPs has been introduced in this chapter. Most researchers 
agree with that ZDDPs have antiwear and mild EP performances by forming tribo-films on 
metal surfaces, although the performances are strongly influenced by structures of ZDDPs 
and rubbing conditions. It is also clear that ZDDPs increase friction at the intermediate speed 
region by forming patchy films. A lot of surface analyses have been carried out to investigate 
the chemical composition of the tribo-films formed by ZDDPs and have concluded that the 
film has inhomogeneous, layer structure composed mainly of zinc/iron poly(thio)phosphates. 
However, the film-forming mechanism of ZDDPs is still unknown, although many 
researchers have suggested hypothetical mechanisms. 
     The effects of other components in lubricants on the tribological properties of ZDDPs have 
also been studied vigorously because ZDDPs are normally used with other additives in 
practical applications. In this chapter, some studies on the effects of dispersants, detergents, 
and MoDTC on the ZDDP properties have been introduced. Generally, it is clear that the 
additives significantly affect the film-forming, friction, and antiwear properties of ZDDPs. 
Dispersants hinder the film formation of ZDDPs due to the interaction between them in bulk 
solutions and/or due to their competitive adsorption on metal surfaces, and they increase the 
friction of the ZDDPs films. In the presence of calcium detergents, calcium cations 
incorporate into the tribo-films formed by ZDDPs, which affects the antiwear performance of 
ZDDPs. MoDTC has been reported to be very effective for reducing the boundary friction of 
the ZDDP tribo-films by forming MoS2 layers on them. 
     Enormous studies on the tribological properties ZDDPs have been carried out as shown 
above; however there is still much unknown especially about ZDDP-functioning mechanisms. 
It is expected that the studies of ZDPs will help to clarify the mechanisms of ZDDPs. 
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Chapter 3 
 
Previous Studies of Zinc Dialkylphosphates (ZDPs) 
 
     This chapter illustrates previous studies of Zinc Dialkylphosphates (ZDPs), which were the 
main additives investigated in this study. 
 
 
3.1 Previous Study of ZDPs in 1970s 
     Zinc dialkylphosphates (ZDPs) are sulphur-free analogues of ZDDPs (Figure 3-1). The 
additive was firstly reported in 1979 [201]. In the paper, it was illustrated that a ZDP having 
n-butyl chains shows antiwear properties which are nearly the same as that of the 
corresponding ZDDP. However the author also noted that the lower solubility of ZDPs than 
ZDDPs in base oils might cause difficulties for practical use. 
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Figure 3-1. Chemical structures of ZDP and ZDDP. 
ZDP ZDDP 
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3.2 Recent Studies of ZDPs 
     So far as the author knows, there were no published papers or reports on ZDPs in the 20 
years following the above 1979 paper. However, since 2002, ZDPs have started to attract 
great attention from the environmental viewpoint because simply replacing ZDDP by ZDP 
can reduce the amount of sulphur in engine oils. This could contribute to maintaining the 
performance of exhaust after-treatment systems. A related benefit of employing ZDPs instead 
of ZDDPs is that it becomes much easier to formulate engine oil using Group I base oils and 
other additives containing sulphur such as sulphonates, MoDTC, and alkyl sulphides, because 
maximum limits of sulphur content are strictly regulated in modern engine oils. Currently, the 
practical application of ZDPs in engine oils is being investigated by the JX Nippon Oil & 
Energy Corporation as one solution for overcoming the difficulties stated in Section 1.4 [202-
208]. Based on their research, ZDPs show some excellent features in comparison with 
conventional ZDDPs. The main advantageous features of ZDPs so far established are as 
follows. 
 
- Base number (BN) retention 
     Bench and engine tests have been have been carried out to compare base number (BN) 
retention of ZDP- and ZDDP-formulated oil. In the JASO M333 test using Toyota 1G-FE 
engine (1988 cc, in-line 6, petrol), it was shown that ZDP-formulated oil has better BN 
retention than ZDDP-formulated oil (Figure 3-2) [202, 203]. This trend can also be seen in a 
NOx-bubbling test, which replicates degradation of engine oils in firing engines [204, 205]. 
The details of the test procedure can be found in the reference [204]. Field tests using 
commercial vehicles were also carried out to study BN retention of ZDP-formulated oil 
[206]. The base number of ZDP-formulated oil was more than 1.0 mgKOH/g after 30,000 
km mileage in city areas, while the BN of ZDDP-formulated oil dropped to 0 mgKOH/g 
after 15,000 km mileage. 
     This behaviour is believed to arise because ZDDPs generate sulphuric acid in their 
decomposition process, which consumes detergents. In contrast, ZDPs do not generate 
sulphuric acid because they do not contain sulphur. Therefore ZDPs show better base 
number retention than ZDDPs, which could contribute to prolongation of engine oil life. 
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- Detergency 
     The better detergency of ZDP-formulated oils than ZDDP-formulated oils has been 
observed in diesel [202, 203], gasoline [204], and gas [203] engine tests. Figure 3-3 shows 
engine pistons after JASO M333 engine tests [203]. Clearly, piston top lands, oil grooves, 
and underside of piston after the engine test using ZDP-formulated oil are cleaner than those 
using ZDDP-formulated oil. The better detergency of ZDP-formulated oils is also 
considered to be caused by the fact that ZDPs do not consume detergents. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-2. Transition of base number of ZDP-formulated and ZDDP-formulated 
oils in the JASO M333 engine tests [202]. (Open circles for ZDP-formulated oil; 
closed circles for ZDDP-formulated oil.)  
Figure 3-3. Cleanliness of pistons after JASO M333 engine tests using ZDP-
formulated oils (upper) and ZDDP-formulated oils (lower) [203]. 
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- Friction Properties 
     Friction properties of ZDP-formulated oils have been investigated by motored engine 
friction tests [202]. According to the results, ZDP-formulated oils show slightly lower 
friction than ZDDP-formulated oil containing MoDTC at 95 ºC, while there is no difference 
between them at 80 ºC. The evolution of their friction properties has also been studied by 
FALEX block-on-ring tests using aged oils by engine tests (JASO M333) (Figure 3-4). For 
fresh oils before engine tests, friction coefficient of ZDP-formulated oil is higher than that 
for ZDDP-formulated oil containing MoDTC. However, the friction of ZDP oil remains the 
same through the test, while the friction of ZDDP oil increases with the test time, and thus 
friction coefficient for the ZDP oil becomes lower than that for the ZDDP oil after 48 hours 
of the tests. The same trend was seen in the studies of drain oils of the field tests, using 
Cameron-Plint high frequency tester [206]. The increase in the friction of ZDP-formulated 
oil is very small with mileage, while the friction of ZDDP-formulated oil rapidly increases 
just after 5,000 km mileage and remains high. 
      
 
 
 
 
 
 
 
 
 
 
     In addition, incorporating long-chain surfactants as FM in ZDP-oils was reported to be 
effective to reduce friction [207]. This friction-reducing effectiveness was maintained even 
in the presence of carbon black. 
 
- Antiwear performance  
     The antiwear performance of ZDP-formulated oils has been investigated in tests using 
petrol engines [202], gas engines [203], and motorcycle engines [204]. The results have 
shown that the antiwear performance of ZDP-formulated oils is equivalent with that of 
Figure 3-4. Transition of friction coefficient with engine test (JASO M333) 
duration measured by FALEX block-on-ring tests [202]. 
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ZDDP-formulated oils. This was also confirmed by chemical analyses of the drain oils of 
field tests [206].    
     Onodera et al. have studied wear prevention mechanism of tribo-films generated from 
ZDP and ZDDP using molecular dynamics simulation [209]. Two model compounds, zinc 
metaphosphate and zinc metathiophosphate were compared, and it has been suggested that 
the former has potentially better wear prevention performance than the latter. From this 
result, it is assumed that ZDPs may have better antiwear performance than ZDDPs as far as 
abrasive wear is concerned. 
 
- Volatility of phosphorus 
     Phosphorus volatility has been evaluated by studying drain oils of JASO M333 engine 
tests [208]. This evaluation is similar to the test which will be set to evaluate phosphorus 
volatility of engine oils in new GF-5 engine oil standards, as stated in Section 1.1.2. It was 
shown in Figure 3-5 that phosphorus retention of ZDP-formulated oils remains 100% 
through the tests, while the retention of ZDDP-formulated oils decreases. This indicates that 
the phosphorus contained in ZDPs does not evaporate from engine oil, while phosphorus in 
ZDDPs evaporates. This feature, i.e. the lower phosphorus volatility of ZDPs, can contribute 
to higher catalyst compatibility, since volatile phosphorus may deactivate catalysts in 
exhaust after-treatment systems. 
  
 
 
 
 
 
 
 
 
 
 
 
     Despite the advantages discussed above, there remain some practical difficulties in the 
application of ZDPs. For example, ZDPs have no antioxidant properties whereas ZDDPs are 
effective antioxidants, especially acting peroxide decomposers. Therefore peroxide 
Figure 3-5. Transition of phosphorus retention during engine tests [208]. 
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decomposing antioxidants must be added to ZDP-formulated oils in the absence of ZDDPs. 
Igarashi has reported that molybdenum compounds can function as such antioxidants to 
improve high-temperature resistance of ZDP-formulated oil [210]. 
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3.3 Summary 
     Previous studies have shown some superiority and inferiority of ZDPs to ZDDPs in the 
practical use for engine oils. Table 3-1 briefly summarizes the comparison of ZDPs and 
ZDDPs stated above. 
 
 
 
 
 
 
 
 
 
  
 
 
     Most studies on ZDPs have been focused on their practical application in engine oils, so 
the evaluation of ZDPs has been carried out mainly using full-formulated oils. However, there 
are still much unknown about the functioning mechanism of ZDPs as antiwear additives. In 
addition, the effect of other additives such as dispersants and detergents on ZDPs is also not 
yet clear. There are possibilities that these additives could show antagonistic effects with 
ZDPs, since most other additives used in engine oils have been developed to be compatible 
with ZDDPs. However, it also means that there are possibilities that the additives could show 
synergistic, i.e. beneficial, effects with ZDPs. 
     Therefore, the objective of this study is to investigate the tribological properties such as 
film-forming, friction, and antiwear properties of ZDPs and thus to clarify the functioning 
mechanism of ZDPs as antiwear additives.  
 
 
 
 
 
 
 
Performance
BN Retention ZDP > ZDDP
Detergency ZDP > ZDDP
ZDDP(+MoDTC) > ZDP    (initial) 
ZDP > ZDDP(+MoDTC)    (later)
Phosphorus Volatility ZDP > ZDDP
Antiwear Property ZDP ≒ ZDDP
Antioxidant Property ZDDP >> ZDP
Solubility in Base Oils ZDDP > ZDP
Friction Reducing Properties
(A > B: A shows better performance than B.)  
Table 3-1. Comparison of the performances of ZDPs and ZDDPs. 
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Chapter 4 
 
Experimental 
 
     In this chapter, equipment such as tribo-machines and surface analysing apparatuses and 
materials such as additives and base oils used in this study are described. 
 
     
4.1 Equipment 
     In this study, two types of tribo-machine are used; MTM-SLIM (Mini Traction Machine - 
Spacer Layer Interferometry) and HFRR (High Frequency Reciprocating Rig). MTM-SLIM 
was mainly employed to study the film-forming and friction properties of ZDPs. HFRR was 
used to evaluate the antiwear performance of the additives. In addition, AFM was used to 
study the topographies of the tribo-films formed on MTM discs. A Wyko optical profiler was 
used to measure wear scars on HFRR balls and discs. Moreover, other equipments such as 
TGA and IR were employed to obtain some supporting data.   
 
4.1.1 Mini Traction Machine - Spacer Layer Interferometry 
     The MTM-SLIM (PCS Instruments) was mainly employed in this study (Figure 4-1) [211]. 
The MTM is a ball-on-disc type tribo-machine which can measure frictional properties of 
lubricants under a wide range of sliding-rolling conditions by controlling sliding and rolling 
speeds separately. It is also possible to control temperature (from room temperature to 
150 °C) and load (maximum 75 N). Figure 4-2 shows a schematic diagram of the SLIM set-
  83
up on the MTM. SLIM attached to MTM enables interference images of the glass/ball contact 
to be captured and thus the film forming of additives on steel balls during tests to be 
monitored without removing test specimens from the machine. The principle is shown in 
Figure 4-3 [146-151]. White light is shone into the microscope where some reflects at the 
semi-reflective chromium layer, while the rest goes through the chromium layer and reflects 
at the surface of the ball. These two beams interfere constructively and destructively at 
wavelengths dependent upon the path difference to produce a coloured interference image. 
The film thickness can be calculated from the colour. The test specimens are a 19.05 mm (3/4 
inch) diameter ball and a 46 mm diameter disk which are made of 52100 steel with hardness 
750-770 VPN. The root mean square roughness of balls and discs are approximately 15 and 
10 nm, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-2. Schematic diagram of the in situ spacer layer interferometry (SLIM) 
set-up on the MTM. 
Figure 4-1. Photograph of the machine (from PCS Instruments website [211]) and 
the test set-up (upright) of MTM. 
Microscope +  
Spacer layer coated disc
Steel ball 
Steel disc 
Lubricant 
  84
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     The test conditions for MTM rubbing tests listed below were employed as a standard in 
this study. In this thesis, unless other conditions are mentioned, this standard condition was 
applied. 
  
 Temperature: 100 ºC 
 Mean speed: 100 mm/s (Disc speed: 125 mm/s, Ball speed: 75 mm/s) 
 SRR (Sliding-Rolling Ratio): 50%  
 Load: 31 N (a maximum Hertzian Contact Pressure 0.93 GPa) 
 
The main test procedure employed in this study is as below: 
1) An interference image of the glass/ball contact is captured as a basis of calculation of 
film thickness measurements. 
2) Friction coefficients are measured with changing mean speed from 3500 to 7 mm/s 
(Stribeck curve measurement). 
3) A rubbing test is carried out for a set duration in the condition shown above to 
generate antiwear films both on the steel disc and the steel ball. 
4) An interference image of the glass/ball contact is captured for the measurement of film 
thickness. 
5) Procedure 2, 3, and 4 above are repeated until the total rubbing time reaches typically 
6 hours. 
 
 
Figure 4-3. Principle of spacer layer interferometry. 
White light source 
Silica spacer layer 
Semi-reflective 
chromium layer 
Lubricant film 
Glass 
Steel ball 
Interference image 
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4.1.2 High Frequency Reciprocating Rig 
     HFRR (PCS Instruments) was used to evaluate the antiwear performance of ZDPs in this 
study (Figure 4-4). This is also a ball-on-disc type tribo-machine, however the ball 
reciprocates and the disc does not move, which results in pure sliding conditions. The rubbing 
contact is fully immersed in sample oil whose temperature is controlled by a heater.  The 
antiwear properties of lubricants can be evaluated by measuring the wear scar of the 
specimens. In addition, the machine can measure friction coefficient and electrical contact 
resistance (ECR), which is a rough indicator of film formation during a test [95, 96, 145]. One 
type of 6 mm diameter 52100 steel ball was employed, having Rockwell hardness ‘C’ scale 
(HRC) number of 58-66. Two different hardnesses of 10.0 mm diameter × 3.0 mm thick discs 
were employed, with Vickers hardness "HV30" of approximately 200 and 800 respectively. 
The ball is much harder than the softer disc but nearly as hard as the harder disc although it is 
impossible to compare these two hardness values directly. The root mean square roughness of 
balls and discs were less than 50 and 20 nm, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-4. HFRR test machine (the picture from PCS Instruments website 
[211]). 
Load 
Reciprocating 
Lubricant 
Upper specimen 
(Steel ball) 
Lower specimen 
(Steel disc) 
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4.1.3 Atomic Force Microscope 
     AFM was used for studying topographies of tribo-films formed on MTM discs. The 
apparatus used in this study was TM Microscopes (Veeco) Explorer AFM (Figure 4-5) and 
the probes were MLCT-EXMT-A1, having V-shaped silicon nitride cantilevers. The MTM 
discs were rinsed in cyclohexane and/or hexane and dried before observation. 
 
 
 
 
 
 
 
 
 
 
 
4.1.4 White Light Interferometric Microscope 
     In this study, a white light interferometric microscope (optical profiler), Wyko NT9100, 
was used to measure wear scars on HFRR balls and discs for evaluation of antiwear 
performances of additives (Figure 4-6) [212, 213]. Before the wear measurement, the ball 
specimens were cleaned by toluene to remove oil residues and by EDTA 
(ethylenediaminetetraacetic acid, Figure 4-7) solution to remove tribo-films formed on the 
specimens [151, 214]. The disc specimens were cleaned by toluene, but not by EDTA 
solution for later chemical analyses of the contact surfaces. 
  
 
 
 
 
 
 
 
 
 Figure 4-6. Photograph of Wyko NT9100 optical profiler. 
Figure 4-5. Photograph of TM Microscopes (Veeco) Explorer AFM. 
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4.1.5 Others 
     Thermogravimetric analyses (TGA) were carried out to study interactions between ZDPs 
and dispersants. The instrument was TGA2950 (TA Instruments). The atmosphere was air and 
the rate of temperature increase was 10 °C/min. Also, infrared spectroscopy, FT/IR-430 
(JASCO), was employed to investigate the interactions. 
     In addition, X-ray photoelectron spectroscopy (XPS) was used for studying the elemental 
compositions of the tribo-films. The instrument was PHI Quantera SXM (ULVAC-PHI, Inc.). 
     All of these measurements were conducted by JX Nippon Oil & Energy Corporation 
(former Nippon Oil Corporation). 
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Figure 4-7. Chemical structure of EDTA. 
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4.2 Materials 
     Materials such as additives and base oils used in this study are shown here.  
 
4.2.1 Additives 
     Sulphur-free antiwear additives, zinc dialkylphosphates (ZDPs), are the main additives 
studied here. Zinc dialkyldithiophosphates (ZDDPs) were also used for comparison. In 
addition, Zinc dialkylmonothiophosphates (ZDMPs), which are intermediate additives 
between ZDPs and ZDDPs, were investigated. Moreover, other additives such as dispersants, 
detergents, friction modifiers, and sulphur compounds were employed to study their effects on 
the tribological properties of ZDPs.  
 
4.2.1.1 Zinc Dialkylphosphates (ZDPs) 
     In this study, five types of ZDPs were used; four ZDPs are primary types and one ZDP is a 
secondary type (Figure 4-8). ZDP-nC8, ZDP-nC6, and ZDP-nC4 have linear alkyl chains, n-
octyl, n-hexyl, and n-butyl chains respectively; ZDP-iC8 has branched alkyl chains, 2-
ethylhexyl chains. The secondary ZDP, ZDP-secC6 has 1,3-dimetylbutyl chains. All of these 
ZDPs were synthesized by Nippon Oil Corporation (JX Nippon Oil & Energy Corporation) or 
Johoku R&D Co., Ltd.. Unless otherwise stated, in this thesis, the concentration of ZDPs used 
corresponds to 0.08 wt% phosphorus, which is compatible with ACEA C2, C3, and ILSAC 
GF-5 engine oil standards.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
O
Zn
O
P P
RO
RO O
OR
ORO
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4.2.1.2 Zinc Dialkyldithiophosphates (ZDDPs) 
     Four types of ZDDPs were used for comparison with ZDPs in this study (Figure 4-9). 
Three primary ZDDPs having n-octyl chains (ZDDP-nC8), n-butyl chains (ZDDP-nC4), and 
2-etylhexyl chains (ZDDP-iC8) and one secondary ZDDP having 1,3-dimethylbutyl chains 
(ZDDP-secC6) were employed. ZDDP-nC8 and ZDDP-nC4 were synthesized by JX Nippon 
Oil & Energy Corporation (former Nippon oil Corporation). The other two ZDDPs are 
commercially available additives. The concentration of ZDDPs also corresponds to 0.08 wt% 
phosphorus without any further notice. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.2.1.3 Zinc Dialkylmonothiophosphates (ZDMPs) 
     Two primary ZDMPs were investigated in this study (Figure 4-10); one has n-octyl chains 
and the other has 2-ethylhexyl chains. Both ZDMPs were synthesized by JX Nippon Oil & 
Energy Corporation (former Nippon oil Corporation). 
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Figure 4-9. Chemical structures of ZDDPs. 
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Figure 4-10. Chemical structures of ZDMPs. 
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4.2.1.4 Dispersants 
     Two kinds of dispersants were employed in this study. Both dispersants are bis-
polyisobutenyl succinimide polyamines; one is non-treated, the other is treated by boric acid 
(Figure 4-11). The concentration of the dispersants was standardized to correspond to 0.10 
wt% nitrogen.   
 
 
 
 
 
 
 
4.2.1.5 Detergents 
     Four kinds of detergents were employed in this study; overbased calcium sulphonate, 
neutral calcium sulphonate, overbased calcium salicylate, and neutral calcium salicylate 
(Figure 4-12). The concentrations of the overbased and neutral detergents corresponded to 
0.22 and 0.04 wt% calcium respectively, so that the concentrations of the soap molecules of 
the detergents are approximately the same.  
 
 
 
 
 
 
 
 
 
 
4.2.1.6 Friction Modifiers 
     The effects of friction modifiers (FMs) on the tribological properties of ZDPs were also 
investigated in this study. Two-types of FM were employed; molybdenum dithiocarbamate 
(MoDTC) and oleylurea (Figure 4-13). MoDTC is commercially available as ADEKA 
Sakuralube (ADEKA). The concentration of MoDTC corresponded to 0.05 wt% molybdenum, 
while the concentration of oleylurea was 0.05 wt%. 
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Figure 4-11. Chemical structures of non-borated dispersant (left) and borated 
dispersant (right). 
Figure 4-12. Chemical structures of calcium sulphonate (left) and salicylate 
(right) detergents. 
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4.2.1.7 Sulphur Compounds 
     Two sulphur compounds, di(n-octyl)sulphide ((nC8)2S) and n-octyl-1-thiol (nC8SH), 
were used to study the effect of sulphur species on the ZDP properties (Figure 4-14). These 
chemicals were obtained from Sigma-Aldrich Corporation and were used without further 
purifications.  
  
. 
 
 
 
 
 
 
 
4.2.2 Base Oils 
     In this study, with low viscosity polyalphaolefin, PAO2, was mainly employed in order to 
remove chemical contributions from the base oil and its impurities so as to focus on the 
properties of the additives as much as possible. The kinematic viscosities of PAO2 are 5.0 
and 1.7 mm2/s at 40 and 100 ºC respectively.   
     In addition, severely hydroprocessed mineral base oils (group III), which are produced by 
JX Nippon Oil & Energy Corporation (former Nippon Oil Corporation), were used to study 
the effects of viscosity on the tribological properties of ZDPs, because ZDPs do not dissolve 
in PAO with higher viscosity such as PAO4 and PAO6. Three types of group III base oils, 
GrIII-1, GrIII-2, and GrIII-3, were employed in this study, and their viscosities are 2.6, 4.0, 
and 6.5 mm2/s at 100 ºC respectively.   
     One kind of ester base oil, neopentyl glycol di-2-ethylhexanoate (Ester-1), was also used 
to investigate effect of polarity of base oil on the ZDP properties (Figure 4-15). The viscosity 
Figure 4-13. Chemical structures of friction modifiers (MoDTC and oleylurea). 
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Figure 4-14. Chemical structures of di(n-octyl)sulphide ((nC8)2S) and n-octyl-1-
thiol (nC8SH). 
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of Ester-1 is 7.5 and 2.0 mm2/sec at 40 and 100 ºC, respectively. The base oils used in this 
study are summarized in Table 4-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-15. Chemical structure of Ester-1. 
Kinematic Vis. at 100 ºC
Synthetic Base Oil PAO2 1.7 mm2/s
GrIII-1 2.6 mm2/s
GrIII-2 4.0 mm2/s
GrIII-3 6.5 mm2/s
Ester Base Oil Ester-1 2.0 mm2/s
Mineral Base Oil
(Group III)
Table 4-1. Base oils used in this study. 
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Chapter 5 
 
Film-forming Properties of ZDPs 
 
     In this chapter, the film-forming properties of ZDPs are shown and compared with those of 
the corresponding ZDDPs. The effects of rubbing conditions, concentration, and the alkyl 
chain structure of the additives on the film-forming properties of ZDPs are also described. 
From the results shown here, the mechanisms for the similarities and differences in the film-
forming properties between ZDPs and ZDDPs as well as the effects of rubbing conditions, 
concentration, and the alkyl structure on the properties are discussed. 
 
 
5.1 Comparison of ZDPs and ZDDPs  
     The film-forming properties of ZDPs and ZDDPs have been compared using MTM-SLIM. 
In this section, the rubbing conditions of MTM tests were standardized; temperature 100 ºC, 
mean speed 100 mm/s, SRR 50%, and load 31 N (a maximum Hertzian contact pressure 0.93 
GPa). ZDP-iC8, ZDP-nC8, ZDP-secC6, and their corresponding ZDDPs were employed for 
this comparison. Chemical structures of the additives are shown in Chapter 4 (Figure 4-7 and 
4-8). All samples studied here were simple solutions of ZDPs and ZDDPs in PAO2. The 
concentration of the additives corresponded to 0.08 wt% phosphorus. In addition, the 
topographical properties of the films have also been studied by AFM. 
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5.1.1 ZDP-iC8 and ZDDP-iC8 
     The film-forming properties of ZDP-iC8 having 2-ethylhexyl chains have been studied 
and compared with ZDDP-iC8 having the same alkyl chains. Figure 5-1 shows interference 
images taken by MTM-SLIM, in which it can be clearly seen that colour of the images 
gradually changes with rubbing time. This indicates that antiwear films are formed on MTM 
balls by both additives and that they grow with rubbing. It is also observed that the thick films 
form only on the wear tracks, not outside of the tracks. This indicates that the rubbing is one 
of the important factors to form films for both of the additives. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) ZDP-iC8 
(b) ZDDP-iC8 
Figure 5-1. Interference images of ZDP-iC8 and ZDDP-iC8 tribo-films formed 
on MTM balls with rubbing time. 
5 min 15 min 30 min 60 min
120 min 180 min 240 min 300 min 360 min
0 min 
5 min 15 min 30 min 60 min
120 min 180 min 240 min 300 min 360 min
0 min 
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     Figure 5-2 shows growths of the average thickness of the films formed by ZDP-iC8 and 
ZDDP-iC8, which were calculated from the interference images. As can be seen in this graph, 
the ZDP-iC8 film grows more slowly than the ZDDP-iC8 film. The film thickness of ZDDP-
iC8 reaches more than 100 nm in 15 minutes, while the ZDP-iC8 film is less than 50 nm 
thick after 30 minutes rubbing. For both of the additives, the film thickness does not continue 
to increase through the 6 hours rubbing, but stabilizes at some thickness. The stabilized film 
thickness depends on the additives; it is nearly 100 nm for ZDP-iC8, while it is more than 
150 nm for ZDDP-iC8.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     Figure 5-3 shows AFM topographical images of the films formed by ZDP-iC8 and ZDDP-
iC8 on MTM discs. For both of the additives, the films have a patchy structure with the pads 
slightly elongated along the rubbing direction. Similar surface topographies have been 
observed in the ZDDP tribo-films in previous papers [140, 151]. Interestingly, there is no 
noticeable difference in the surface topographies between the ZDP-iC8 and ZDDP-iC8 films. 
However, some of the original polishing marks on the disc can be seen in the image of the 
ZDP-iC8 film, but not in the image of the ZDDP-iC8 film, which indicates that the film 
formed by ZDP-iC8 is thinner than the film formed by ZDDP-iC8. The mean film 
thicknesses of ZDP-iC8 and ZDDP-iC8 calculated from AFM images are about 90 and 150 
nm, which are roughly the same as the thicknesses of the films formed on MTM balls 
calculated from the interference images. 
      
Figure 5-2. Growths of mean film thicknesses of ZDP-iC8 and ZDDP-iC8 with 
rubbing time. 
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5.1.2 ZDP-nC8 and ZDDP-nC8 
     Figure 5-4 shows growths of the mean film thickness of ZDP-nC8 and ZDDP-nC8 having 
n-octyl chains, which were calculated from the interference images captured by MTM-SLIM 
(Figure 5-5). The film-forming rate of ZDP-nC8 is slower than that of ZDDP-nC8. Also, the 
stabilized film thickness for ZDP-nC8 is thinner than that for ZDDP-nC8. These trends in 
the film-forming rate and the stabilized film thickness are the same as those for ZDP-iC8 and 
ZDDP-iC8. In addition, for both ZDPs and ZDDPs, the film-forming rate for the additives 
having linear alkyl chains (ZDP-nC8 and ZDDP-nC8) is slower than that for the additives 
having branched alkyl chains (ZDP-iC8 and ZDDP-iC8), and also the stabilized film 
thickness for the former is thinner than that for the latter. This will be discussed in Section 5.4. 
 
 
(a) ZDP-iC8 
Figure 5-3. AFM topographical images of the tribo-films formed by (a) ZDP-iC8 
and (b) ZDDP-iC8 on MTM discs. Arrows in the images show rubbing 
directions. 
(b) ZDDP-iC8 
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Figure 5-4. Growths of mean film thicknesses of ZDP-nC8 and ZDDP-nC8 with 
rubbing time. 
(a) ZDP-nC8 
(b) ZDDP-nC8 
Figure 5-5. Interference images of ZDP-nC8 and ZDDP-nC8 tribo-films with 
rubbing time. 
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5.1.3 ZDP-secC6 and ZDDP-secC6 
     Growths of the mean film thickness of ZDP-secC6 and ZDDP-secC6, which were 
calculated from the interference images, are shown in Figure 5-6. The images for tribo-films 
are also shown in Figure 5-7. For ZDP-secC6, the film thickness rapidly increases and 
stabilizes at around 150 nm. The initial film is not uniform; however the film becomes 
uniform by rubbing without being removed (Figure 5-7). On the contrary, for ZDDP-secC6, 
the film thickness rapidly increases and then gradually decreases with rubbing time. Similar 
film-forming behaviour has been observed for a secondary (C3/C6 mixed) ZDDP in a previous 
study carried out by Fujita et al. [148, 149]. This is considered to be because the ZDDP-
secC6 film is not stable at this rubbing condition. It can be seen in the interference images 
that the ZDDP-secC6 film is not uniform and the film is partially removed by rubbing (Figure 
5-7). As a result, ZDP-secC6 forms a thicker and more uniform film than ZDDP-secC6 in 
this condition, although ZDP-secC6 forms the tribo-film as rapidly as ZDDP-secC6. This 
trend is quite different from that for the primary ZDPs and ZDDPs described above. 
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Figure 5-6. Growths of mean film thicknesses of ZDP-secC6 and ZDDP-secC6 
with rubbing time. 
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5.1.4 Summary of the Comparison of ZDPs and ZDDPs 
     Table 5-1 briefly summarises the film-forming properties of ZDPs and ZDDPs in this 
condition. For the primary ZDPs and ZDDPs, the initial film-forming rates of ZDPs are 
slower than those of ZDDPs, and the stabilized film thicknesses of ZDPs are thinner than 
those of ZDDPs. On the contrary, for the secondary ZDP and ZDDP, their initial film-forming 
rates are almost the same. However, ZDP-secC6 forms a thicker film than ZDDP-secC6 
because the ZDDP-secC6 film is not very stable in this condition. 
 
(a) ZDP-secC6 
(b) ZDDP-secC6 
Figure 5-7. Interference images of ZDP-secC6 and ZDDP-secC6 tribo-films with 
rubbing time. 
5 min 15 min 30 min 60 min
120 min 180 min 240 min 300 min 360 min
0 min 
5 min 15 min 30 min 60 min
120 min 180 min 240 min 300 min 360 min
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     Apart from the secondary ZDP and ZDDP, the most likely reason for the slower film-
forming rate of ZDPs than ZDDPs is that ZDPs is more stable and is so less reactive to form 
polyphosphates films than ZDDPs. This is indicated by thermogravimetric analyses of ZDP-
nC8 and ZDDP-nC8, in which it is clearly shown that ZDP-nC8 is more thermally stable 
than ZDDP-nC8 (Figure 5-8). Fuller et al. have suggested that a linkage isomer of ZDDPs is 
an important precursor for the film formation (Figure 2-10) [103]. This would be followed by 
the links between phosphorus and sulphur or between sulphur and carbon breaking on the way 
to film formation (Figure 5-9 left). By contrast, it is impossible to form such a linkage isomer 
from ZDPs, which may need to cleave the bond between phosphorus and oxygen or between 
oxygen and carbon for the film formation (Figure 5-9 right). The P-O bond and the C-O bond 
are likely to break less easily than the P-S bond and the C-S bond since the electro-negativity 
of oxygen is higher than that of sulphur (oxygen 3.5; sulphur 2.5), which might result in the 
slower film formation of ZDPs than ZDDPs [215]. 
 
 
 
 
 
 
 
 
 
 
Initial Film-Forming Rate Stabilized Thickness
2-ethylhexyl ZDP-iC8 < ZDDP-iC8 ZDP-iC8 < ZDDP-iC8
n-octyl ZDP-nC8 < ZDDP-nC8 ZDP-nC8 < ZDDP-nC8
ZDP-secC6 > ZDDP-secC6
(ZDDP-secC6 film is not stable)
Pri.
Sec. 1,3-dimethylbutyl ZDP-secC6 ≃ ZDDP-secC6
Table 5-1. Brief summary of comparison of the film-forming properties between ZDPs 
and ZDDPs. 
(The conditions of the MTM rubbing are: temperature 100 ºC, mean speed 100 mm/s, 
SRR 50%, and load 31 N (a maximum Hertzian contact pressure 0.93 GPa)). 
Figure 5-8.  TGA diagrams of ZDP-nC8 and ZDDP-nC8. 
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     Another possible mechanism can be suggested here. Fujita et al. have suggested a metal-
exchanging process as the first step of the film-forming reaction of ZDDPs [148]. In the 
mechanism, iron cations released by rubbing react with ZDDPs to form FeDDPs (iron 
dialkyldithiophosphates) which could decompose at lower temperature than the 
decomposition temperature of ZDDPs (Figure 5-10). This metal-exchanging process may be 
possible for ZDPs; however more energy may be necessary for the exchange since the Zn-O 
bonds of ZDPs are stronger than the Zn-S bonds of ZDDPs due to the higher electro-
negativity of oxygen than sulphur. Moreover, FeDPs (iron dialkylphosphates) may be more 
stable than FeDDPs. This might result in the slower film-forming of ZDPs than ZDDPs. 
 
 
 
 
 
     
 
 
 
 
 
Figure 5-9.  Possible initial steps of the tribo-film formation by ZDPs and 
ZDDPs. 
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Figure 5-10.  Possible metal-exchanging process as the initial step of the tribo-
film formation by ZDPs and ZDDPs. 
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     Moreover, another possible reason for the difference in the film-forming properties 
between ZDPs and ZDDPs might be the difference in the adsorbing ability of the additive 
molecules on metal surfaces. ZDPs may adsorb on metal surfaces more strongly than ZDDPs 
because of the higher polarity of ZDPs than ZDDPs. The tribo-film formation is considered to 
be catalysed by rubbing metal surfaces [148], therefore, the better molecular adsorption of 
ZDPs might hinder the catalytic process due to the rubbing, which results in the slower film 
formation of ZDPs than ZDDPs.    
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5.2 Effects of Rubbing Conditions 
     The effects of rubbing conditions such as temperature, load, and SRR on the film-forming 
behaviour of ZDPs have been studied and compared with ZDDPs. 
 
5.2.1 Temperature 
     Temperature is known to be one of the significant factors in the film forming of ZDDPs 
and is likely to be so for ZDPs. The temperatures employed here are 50, 70, 100, and 120 ºC, 
which correspond to theoretical lambda ratios of 0.45, 0.34, 0.26, and 0.23 respectively. The 
effects of temperature on the film-forming behaviour of ZDPs and ZDDPs are as follows.   
 
5.2.1.1 ZDP-iC8 and ZDDP-iC8 
     Figure 5-11 shows growths of the mean thicknesses of the films formed by ZDP-iC8 and 
ZDDP-iC8 at various temperatures (70, 100, and 120 ºC). In general, the effect of 
temperature on the film-forming properties of ZDP-iC8 is the same as that of ZDDP-iC8. For 
both of the additives, the initial film-forming speed depends on temperature; the speed being 
faster at higher temperature. This feature was also measured for a primary ZDDP having octyl 
chains in a previous paper [149]. The chemical reactions for the film formation could be 
accelerated by heat and/or by consequently lower lambda ratio. In addition, the stabilized film 
thickness also depends on temperature; the film is thicker at higher temperature. This trend is 
shown more clearly for ZDDP-iC8; the stabilized film thickness is nearly 200 nm at 120 °C, 
while the thickness is about 100 nm at 70 °C. This feature is also consistent with previous 
research [149]. 
     However, some differences can also be measured in the behaviours of ZDP-iC8 and 
ZDDP-iC8. The development of the ZDP-iC8 film at 120 °C varies between tests and the 
thickness is not as thick as expected in some tests. This is because the ZDP-iC8 film may not 
be very stable at 120 °C and may be partly removed by rubbing due to lower durability of the 
film and/or the more severe rubbing conditions at the higher temperature. In contrast, the 
ZDDP-iC8 film appears stable at 120 °C. Moreover, ZDP-iC8 does not form a thick tribo-
film at 50 °C even after 6 hours rubbing, although ZDDP-iC8 forms a thick film at the 
temperature (Figure 5-12). This may also indicate that the reactivity of ZDPs is lower than 
that of ZDDPs. 
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(a) ZDP-iC8 
(b) ZDDP-iC8 
Figure 5-11. Growths of mean film thicknesses of ZDP-iC8 and ZDDP-iC8 at 
various temperatures. 
(a) ZDP-iC8 (b) ZDDP-iC8 
120 min 240 min 360 min 120 min 240 min 
Figure 5-12. Interference images of wear tracks on the balls for the MTM tests at 
50 °C.  
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5.2.1.2 ZDP-nC8 and ZDDP-nC8 
     The effect of temperature on the film-forming properties of ZDP-nC8 and ZDDP-nC8 is 
shown in Figure 5-13. Generally, there is no difference in the effect of temperature on the 
film-forming properties between ZDP-nC8 and ZDDP-nC8. For both of the additives, the 
initial film-forming rates are higher and the stabilized films are thicker at higher temperature. 
This trend is the same as the trend shown for ZDP-iC8 and ZDDP-iC8. In addition, ZDP-
nC8 and ZDDP-nC8 do not form a thick tribo-film at 70 °C, although ZDP-iC8 and ZDDP-
iC8 form thick tribo-films at that temperature. The alkyl structure of the additives greatly 
affects the film-forming properties, which will be discussed later.  
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Figure 5-13. Growths of mean film thicknesses of ZDP-nC8 and ZDDP-nC8 at 
various temperatures. 
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     Moreover, in the comparison of the film-forming properties at 120 °C between ZDP-nC8 
and ZDDP-nC8, it is also shown that the initial film-forming rate of ZDP-nC8 is slower than 
that of ZDDP-nC8, and that the stabilized film formed by ZDP-nC8 is thinner than the film 
formed by ZDDP-nC8. This is the same as the trend at 100 °C. 
 
 
5.2.1.3 ZDP-secC6 and ZDDP-secC6 
     Growths of the mean film thickness calculated from the interference images are shown in 
Figure 5-14. The effect of temperature on the film-forming behaviour of the secondary ZDP 
and ZDDP (ZDP-secC6 and ZDDP-secC6) is a little complicated compared to the effect for 
the primary ZDPs and ZDDPs because the films formed by the secondary ZDP and ZDDP 
appear unstable at high temperature. ZDP-secC6 forms uniform and thick films at 70 and 
100 °C (see also the interferometry images in Figure 5-7 and 5-15). In the comparison of the 
film-forming properties of ZDP-secC6 at 70 and 100 °C, the initial film-forming rates are 
higher and the stabilized films are thicker at the higher temperature. This trend is the same as 
for the primary ZDPs described above. However, the film forming of ZDP-secC6 at 120 °C is 
not steady and the formed film is thin (Figure 5-14 and 5-16). In contrast, the film forming of 
ZDDP-secC6 is not steady at both 100 and 120 °C. The films formed by ZDDP-secC6 at 100 
and 120 °C are not uniform, although the film formed at 70 °C is uniform and considerably 
thick (see also the images in Figure 5-7, 5-15, and 5-16). From these results, it is shown that 
the ZDP-secC6 film is more durable than the ZDDP-secC6 film at high temperature. 
Moreover, comparing the film-forming behaviours at 70 °C between ZDP-secC6 and ZDDP-
secC6, it was shown that the initial film-forming rate of ZDP-secC6 is slower than that of 
ZDDP-secC6, and that the stabilized film formed by ZDP-secC6 is thinner than the film 
formed by ZDDP-secC6. This feature is the same as for the primary ZDPs and ZDDPs. 
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Figure 5-14. Growths of mean film thicknesses of ZDP-secC6 and ZDDP-secC6 
at various temperatures. 
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0 min 
(a) ZDP-secC6 
(b) ZDDP-secC6 
Figure 5-15. Transition of interference images of ZDP-secC6 and ZDDP-secC6 
tribo-films with rubbing time at 70 ºC. 
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0 min 
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5.2.1.4 Summary of the Effects of Temperature  
     Generally, for all three ZDPs studied here, temperature has a significant impact on the 
film-forming properties; the initial film-forming rate is higher and the stabilized film is 
thicker as temperature is higher. In addition, the films formed by some ZDPs appear unstable 
at high temperature. These trends are basically the same as those for ZDDPs. These effects of 
temperature are considered to be caused by the difference in the heat energy applied to the 
additive molecules and/or by the difference in the lambda ratio. 
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(a) ZDP-secC6 
(b) ZDDP-secC6 
Figure 5-16. Transition of interference images of ZDP-secC6 and ZDDP-secC6 
tribo-films with rubbing time at 120 ºC. 
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5.2.2 Load 
     The influence of load on the film-forming properties of ZDP-iC8 and ZDDP-iC8 is shown 
in Figure 5-17. The loads employed here were 50, 31, and 1 N, which correspond to 
maximum contact pressures of 1.09, 0.93, and 0.30 GPa respectively. Also, lambda ratios for 
the loads of 50, 31, and 1 N were calculated to be 0.25, 0.26, and 0.34 respectively. For both 
of the additives, the stabilized film is thicker as the load is higher. In addition, the film-
forming rate at 1 N is clearly slower compared to the others. However, no noticeable 
difference can be observed in the film-forming rates between at 31 N and at 50 N, which may 
be because the differences of the contact pressure and the lambda ratio are small. Importantly, 
there is no difference in the effect of load on the film-forming properties between ZDP-iC8 
and ZDDP-iC8. 
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Figure 5-17. Influence of load on the film-forming properties of ZDP-iC8 and 
ZDDP-iC8. 
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     Two possible mechanisms for the effect of load on the film-forming properties are 
suggested here. One mechanism is that higher contact pressure may promote decomposition 
of the additives. Westerfield et al. studied the effect of pressure on the decomposition speed 
of ZDDP using IR and showed that the decomposition speed at 7.0 GPa is higher than that at 
1.7 GPa [216]. However, Fujita et al. have concluded that pressure can hardly take a role for 
the film-formation of ZDDPs [148]. Another possible mechanism is that lower lambda ratio 
may cause higher tribo-catalytic activity due to more severe rubbing to promote the tribo-film 
formation at higher load. 
 
 
5.2.3 Slide-Roll Ratio 
     The influence of slide-roll ratio (SRR) on the film-forming behaviour of ZDP-iC8 and 
ZDDP-iC8 is shown in Figure 5-18. It is shown that SRR strongly affects the film-forming 
properties of ZDP-iC8 and ZDDP-iC8, and that there is no difference in the effect between 
these additives. For both of the additives, the film forming rate is much slower and the 
stabilized film is thinner at SRR 0% than those at SRR 50%. Tribo-catalytic process by the 
sliding could accelerate the film formation. Previously, Fujita et al. have compared the film-
forming properties of a secondary (C3/C6 mixed) ZDDP between SRR 5% and 50% [148]. 
The study showed the same trend in the film-forming rate as the results shown in this study. 
However, they showed that the stabilized film thickness is independent of SRR, which is not 
consistent with the results shown here. 
     Furthermore, it is shown that these two additives form tribo-films without sliding (SRR 
0%). From this result, it is clear that sliding is an important factor, but not an essential factor 
in the film formation of both ZDPs and ZDDPs. 
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5.2.4 Summary of the Effects of Rubbing Conditions 
     From these studies about the effects of the rubbing conditions, it is shown that every 
condition, that is, temperature, load, and SRR, affects the initial film-forming rate and the 
stabilized film thickness of ZDPs and ZDDPs (Table 5-2). In addition, significantly, the 
trends in the effects of the rubbing conditions on the film-forming properties of ZDPs are the 
same as those for ZDDPs, which may indicate that the film-forming mechanism of ZDPs is 
generally similar to that of ZDDPs. 
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Figure 5-18. Influence of slide-roll ratio (SRR) on the film-forming properties of 
ZDP-iC8 and ZDDP-iC8. 
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     Fujita et al. have suggested that the film-formation is catalysed by iron cations and/or 
electrons released from rubbed metal surfaces [148]. This mechanism can easily explain the 
effects of the rubbing conditions on the film-forming rates of ZDPs and ZDDPs shown in this 
study. Higher temperature could cause a decrease of lambda ratio due to smaller viscosity of 
oil, which results in the higher catalytic activity due to the more severe rubbing. Also, more 
heat energy could promote the film-forming reactions of the additives at higher temperature. 
From these reasons, the film-forming rate is higher as the temperature is higher. Higher load 
and higher SRR also cause higher catalytic activity at metal surfaces, which results in the 
higher film-forming rates of ZDPs and ZDDPs. 
     However, one question arises here; why does the stabilized film thickness also correlate 
positively with the rubbing conditions such as temperature, load, and SRR? In other words, 
why is the stabilized film thicker as the initial film-forming rate is higher? One possible 
answer to this question might also be that the formation of the tribo-films is catalysed by 
rubbed metal surfaces. The film-growing reaction is considered to occur at the surface of 
reaction films, not at the interface of films and metal surfaces. Therefore, the film-forming 
reaction spot moves away from rubbed metal surfaces with increase of the film thickness, so 
that the film-forming rate decreases as the film thickness increases to stop the reaction or to 
balance with the film-removing rate by rubbing. This may be the reason for that the stabilized 
film is thicker as the catalytic activity is higher, and for that the film does not continue to 
grow with rubbing, but stabilize at some thickness. 
           
 
     
ZDP ZDDP ZDP ZDDP
Temperature ↗ ↗ ↗ ↗
Load ↗ ↗ ↗ ↗
SRR ↗ ↗ ↗ ↗
Initial Film-forming Rate Stabilized Film Thickness
Table 5-2. The effects of the rubbing conditions on the film-forming behaviour. 
(↗: Values of conditions and properties are positively correlated.) 
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5.3 Effects of Concentration 
     Recently, maximum limits of phosphorus content in engine oils have been decreasing with 
concern about performance deterioration of exhaust after-treatment systems by phosphorus, as 
stated in Chapter 1. Therefore, it is very important to study the effect of concentration on the 
film-forming properties of the antiwear additives. 
 
5.3.1 ZDP-iC8 and ZDDP-iC8 
     Growths of the mean film thickness for ZDP-iC8 and ZDDP-iC8 at various 
concentrations are shown in Figure 5-19. For ZDP-iC8, the initial film-forming rate at 0.12 
wt% phosphorus is obviously faster than the others, while the rate at 0.005 wt% phosphorus is 
slower than the others. However, no clear trend can be seen in the range of the concentrations 
between 0.02 and 0.08 wt% phosphorus. The effect of concentration on the initial film-
forming rate of ZDDP-iC8 is relatively clear; higher concentration causes higher initial film-
forming rate in the range of the concentrations between 0.005 and 0.12 wt% phosphorus. This 
is consistent with the previous research carried out by Fujita et al. [149]. In addition, the 
stabilized film thickness for both of ZDP-iC8 and ZDDP-iC8 is almost independent of the 
concentration, although the ZDP-iC8 film at 0.005 wt% phosphorus is clearly thinner than the 
others. This feature is quite different from the effect of the rubbing conditions on the film-
forming properties where it is seen that the rubbing conditions affect both of the initial film-
forming rate and the stabilized film thickness. 
     Here, it is generally shown that the initial film-forming rate is more rapid at higher 
concentration for ZDP-iC8 and ZDDP-iC8. This may be simply because of higher 
availability of the additive molecules at the metal surfaces at higher concentration. In contrast, 
the concentration is roughly independent of the stabilized film thickness. This may be because 
the concentration does not affect the catalytic activity of metal surfaces by rubbing which 
might correlate with the stabilized film thickness as suggested above. 
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5.3.2 ZDP-nC8 and ZDDP-nC8    
     The effect of the concentration on the film-forming properties of ZDP-nC8 and ZDDP-
nC8 was also studied (Figure 5-20). For both of ZDP-nC8 and ZDDP-nC8, there is no 
noticeable difference in the stabilized film thickness between at 0.02 and 0.08 wt% 
phosphorus, which is the same as for the additives having branched alkyl chains (ZDP-iC8 
and ZDDP-iC8). However, the initial film-forming rates at 0.02wt% phosphorus appear 
slightly higher than that at 0.08 wt% phosphorus for ZDP-nC8 and ZDDP-nC8, which is the 
opposite trend to that shown in the properties of ZDP-iC8 and ZDDP-iC8. This might be 
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Figure 5-19. Growths of mean film thicknesses of ZDP-iC8 and ZDDP-iC8 at 
various concentrations of the antiwear additives. 
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because ZDP-nC8 and ZDDP-nC8 form more stable adsorbing layers at 0.08 wt% 
phosphorus to hinder the film-forming reactions than at 0.02 wt% phosphorus. The details of 
this hypothetical mechanism will be discussed later.   
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Figure 5-20. Growths of mean film thicknesses of ZDP-nC8 and ZDDP-nC8 at 
various concentrations of the antiwear additives. 
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5.4 Effects of Alkyl Chain Structure 
     It is generally recognized that the alkyl structure of ZDDPs affects their tribological 
properties as discussed in Chapter 2. Here, the effects of the alkyl chain structures of ZDPs on 
their film-forming properties will be described. 
 
5.4.1 Effects on Film-forming Properties 
     The effects of the alkyl chain structures on the film-forming properties of ZDPs have been 
investigated using four kinds of ZDPs having different alkyl chains i.e. 2-ethylhexyl (ZDP-
iC8), n-octyl (ZDP-nC8), n-hexyl (ZDP-nC6), and 1,3-dimethyl (ZDP-secC6) chains. The 
chemical structures are shown in Chapter 4 (Figure 4-8). Figure 5-21 shows growths of the 
mean film thickness of the four ZDPs at 120, 100, and 70 ºC. Also for comparison, Figure 5-
22 shows the film-forming behaviour of three ZDDPs, ZDDP-iC8, ZDDP-nC8, and ZDDP-
secC6 (their chemical structures are also shown in Chapter 4 (Figure 4-9)). 
     At 120 ºC, the film-forming properties of ZDP-iC8 and ZDP-secC6 are not irregular, 
probably because the films are not very stable at 120 ºC, as stated above. In contrast, ZDP-
nC8 and ZDP-nC6 steadily form tribo-films, and the films appear stable and not removed by 
rubbing. When comparing ZDP-nC8 and ZDP-nC6, the initial film-forming rate of ZDP-
nC6 is faster than that of ZDP-nC8. Also, the stabilized film formed by ZDP-nC6 is thicker 
than the film formed by ZDP-nC8. For ZDDPs, the primary ZDDPs (ZDDP-iC8 and ZDDP-
nC8) steadily form thick tribo-films, while the film forming of the secondary ZDDP (ZDDP-
secC6) is not steady, again because the film formed by ZDDP-secC6 are unstable at the high 
temperature. Comparison of ZDDP-iC8 and ZDDP-nC8 shows that the former has a higher 
initial film-forming rate and forms a thicker film than the latter, although there is no 
difference in the length of the alkyl chains between them. 
     At 100 ºC, all of the four ZDPs steadily form thick tribo-films. The initial film-forming 
rate of the secondary ZDP is much faster than those of the three primary ZDPs. The order of 
the primary ZDPs in the initial film-forming rate is ZDP-nC6 > ZDP-iC8 > ZDP-nC8. Also, 
the trend of the stabilized film thickness is the same as that of the film-forming rate. ZDP-
secC6 forms much thicker film than the primary ZDPs. The orders in the stabilized film 
thickness is ZDP-secC6 >> ZDP-nC6 > ZDP-iC8 > ZDP-nC8. For ZDDPs, ZDDP-secC6 
does not form a stable film, while the two primary ZDDPs do. Also at this temperature, 
ZDDP-iC8 shows the higher initial film-forming rate and forms the thicker film compared to 
ZDDP-nC8. 
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Figure 5-21. Growths of mean film thicknesses of four types of ZDPs at 120, 100, 
and 70 ºC. 
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Figure 5-22. Growths of mean film thicknesses of four types of ZDDPs at 120, 
100, and 70 ºC. 
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     At 70 ºC, the film-forming rate of ZDP-secC6 is much higher than that of the other ZDPs, 
and it also forms a much thicker film than the others. For primary ZDPs, ZDP-iC8 and ZDP-
nC6 form films although the film forming rate is very slow; however no obvious film 
formation was observed for ZDP-nC8 even after 6 hours rubbing. The film formed by ZDP-
iC8 is thicker than ZDP-nC6, although there is no difference in the initial film formation 
between them. This order in the film thickness is different from the order at 100 and 120 ºC. 
For ZDDPs, a similar trend to that for ZDPs can be seen in the film-forming properties. 
ZDDP-secC6 forms film more rapidly than ZDDP-iC8 and the film formed by ZDDP-secC6 
is thicker than the film formed by ZDDP-iC8. ZDDP-nC8 does not form a clear tribo-film 
even after 6 hours rubbing. 
     Table 5-3 summarizes the effects of the alkyl structures of ZDPs and ZDDPs on their film-
forming properties. In general, the alkyl structures strongly affect the film-forming rate and 
the stabilized film thickness of ZDPs and ZDDPs. The details are summarised as below; 
        
- The film-forming rate and the stabilized film thickness of the secondary ZDP are 
higher than those of the primary ZDPs. 
- Comparing ZDP-iC8 and ZDP-nC8, the film-forming rate and the stabilized film 
thickness of ZDP-iC8 having the branched alkyl chains are higher than those of ZDP-
nC8 having the linear alkyl chains. 
- For the additives having linear alkyl chains, the film-forming rate is higher and the 
stabilized film is thicker as the alkyl chains are shorter. 
- The trends stated above can be seen at each temperature (120, 100, and 70 ºC). 
However, the secondary ZDP and the primary ZDP having the branched alkyl chains 
appear unstable at the higher temperature. 
- Generally, ZDDPs show the same effects of the alkyl structure as the ZDPs. 
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5.4.2 Effects on Film Topographies 
     In order to study the topography of ZDP films, the MTM discs after tests were observed 
using AFM. Figure 5-23 shows AFM images of the films formed by ZDP-iC8, ZDP-nC8, 
and ZDP-nC6. All of the three ZDPs form patchy films on the wear tracks. Interestingly, the 
film produced by ZDP-nC8 has a much streakier surface along the rubbing direction than the 
other two films. One possible reason for the streakier surface may be the slower film 
formation of ZDP-nC8 than the other ZDPs. The balance of the film formation speed and the 
film deformation speed might affect the surface topographies of the tribo-films.  
 
 
 
 
 
 
 
 
 
Table 5-3. Effects of the alkyl structure of ZDPs and ZDDPs on the film-forming rate 
and film thickness. 
(iC8: 2-ethylhexyl, nC8: n-octyl, nC6: n-hexyl, and secC6: 1,3-dimethylbutyl) 
Film-Forming Rate Film Thickness
120 ºC nC6 > nC8(secC6 and iC8 are not stable)
nC6 > nC8
(secC6 and iC8 are not stable)
100 ºC secC6 >> nC6 > iC8 > nC8 secC6 > nC6 > iC8 > nC8
70 ºC secC6 >> iC8 > nC6 > nC8 secC6 > iC8 > nC6 > nC8
120 ºC iC8 > nC8(secC6 is not stable)
iC8 > nC8
(secC6 is not stable)
100 ºC iC8 > nC8(secC6 is not stable)
iC8 > nC8
(secC6 is not stable)
70 ºC secC6 > iC8 >> nC8 secC6 > iC8 >> nC8
ZDP
ZDDP
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Figure 5-23. AFM topography (left) and 3D (right) images for the films of (a) 
ZDP-iC8, (b) ZDP-nC8, and (c) ZDP-nC6 film after 6 hours rubbing. Arrows in 
the images show rubbing directions. 
(b) ZDP-nC8 
(c) ZP-nC6 
(a) ZDP-iC8 
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5.4.3 Hypothetical Mechanism for the Effects of Alkyl Structures 
     It has been indicated above that the alkyl structure of ZDPs and ZDDPs has a large impact 
on the film-forming behaviour. It is relatively understandable that the film-forming rates of 
the secondary ZDP and ZDDP are more rapid than those of the primary ZDPs and ZDDPs, 
since the secondary additives are more reactive than the primary additives. One of the reasons 
for the higher reactivity of the secondary ZDDPs than the primary ZDDPs is generally 
believed to be the lower thermal stability of the secondary ZDDPs due to the larger number of 
hydrogen atoms on the β-carbon atom of the alkyl chain [156]. For example, ZDDP-secC6 
has five hydrogen atoms on the β-carbon atom for each alkyl chain, while ZDDP-nC8 has 
two hydrogen atoms. This will make the α-carbon more electropositive and also help promote 
enolisation. The similar effect is also likely with the secondary ZDP. 
     However, it is not immediately obvious why there are some differences in the film-
forming properties between the primary additives having different alkyl chains, in particular, 
between the additives having 2-ethylhexyl chains (ZDP-iC8 and ZDDP-iC8) and the 
additives having n-octyl chains (ZDP-nC8 and ZDDP-nC8), although the length of the alkyl 
chains is the same. The effects of the alkyl structures on the film-forming properties of ZDPs 
and ZDDPs may be caused by the adsorbed films formed on metal surfaces and/or on the 
reaction films. Some research has suggested that non-reacted ZDDPs and/or their decomposed 
products such as the linkage isomer of ZDDPs chemically or physically adsorb on metal 
surfaces as the first step followed by an oxidation process to form tribo-films, as stated in 
Chapter 2. The difference in stability or durability of the adsorbed films may result in the 
difference in the film-forming properties. The details are as follows.  
 
- For the additives having long linear alkyl chains, ZDP-nC8, ZDP-nC6, and ZDDP-nC8, a 
stable adsorbed film may be formed on the reacted film chiefly composed of 
polyphosphates. The adsorbed film might be composed of the intact additives and/or 
surfactant compounds with the alkyl chains produced by decomposition of ZDPs and 
ZDDP. The film may be a close-packed monolayer or multilayer held together by lateral 
forces between linear alkyl chains (Figure 5-24a and b). 
 
- For the primary ZDP and ZDDP having branched alkyl chains (ZDP-iC8, and ZDDP-iC8), 
no stable adsorbed film could be formed because of the steric hindrance of the alkyl chains, 
although sparsely-packed monolayers might be formed (Figure 5-24c). 
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     This hypothetical mechanism can explain the experimental features of the film-forming 
properties shown in this study. It is probable that the adsorbed films formed by ZDP-nC8 and 
ZDDP-nC8 are more stable than the films formed by ZDP-iC8 and ZDDP-iC8 since the 
linear alkyl chains are able to pack more closely than the branched alkyl chains. The more 
stable adsorbed films formed by ZDP-nC8 and ZDDP-nC8 may obstruct subsequent 
formation of the tribo-films, which may result in their slower film-forming rate than ZDP-iC8 
and ZDDP-iC8. In addition, the film formation of ZDP-nC8 is slower than that of ZDP-nC6, 
which may be caused by the higher stability of the adsorbed film of ZDP-nC8 than ZDP-nC6 
since the lateral side chain interactions of longer alkyl chains are stronger. 
     The stability of the tribo-films could also be affected by these adsorbed films. The stable 
adsorbed films for ZDP-nC8 and ZDP-C6 may prevent the tribo-films from being removed 
by rubbing even at 120 °C. However, there is no such stable adsorbed film for ZDP-iC8, 
which may result in the unsteady film-forming of ZDP-iC8 at high temperature. This 
mechanism may be true also for the secondary ZDP and ZDDP. The secondary additives 
could not form the stable adsorbed film (Figure 5-24c), which may result in the partly 
removal of the films by rubbing at high temperature.   
     Moreover, this mechanism may explain the effect of the concentration on the film-forming 
rates of ZDP-nC8 and ZDDP-nC8 shown in Section 5.3.2. At the lower concentration, the 
adsorbed films may be less dense and less stable compared to the adsorbed films at the higher 
concentration, which may result in the more rapid film formation. 
 
 
 
Figure 5-24. Schematic illustrations of adsorbed films formed by ZDPs and 
ZDDPs. 
(a) (b) (c)
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5.5 Summary of this Chapter 
     In this chapter, the film-forming properties of ZDPs are presented and are compared with 
those of ZDDPs. Generally, for all the types of ZDPs and ZDDPs studied here, the film-
forming rates of ZDPs are slower than those of the corresponding ZDDPs, and the stabilized 
films formed by ZDPs are thinner than the films formed by the corresponding ZDDPs. These 
differences between ZDPs and ZDDPs are possibly caused by the difference in the reactivity 
of the additives. 
     The effects of the rubbing conditions on the film-forming properties of ZDPs have also 
been investigated using MTM-SLIM. Every condition studied here i.e. temperature, load, and 
SRR affects both of the film-forming speeds and the stabilized film thickness. The 
concentration of the additives affects the initial film-forming rates, but it does not affect the 
stabilized film thickness. These features may result from the catalysing activity of the rubbing 
surfaces for the film-forming reactions. Significantly, there is no difference in the effects of 
the rubbing conditions and concentration on the properties between ZDPs and ZDDPs. This 
suggests that the film-forming mechanism of ZDPs may be similar to that of ZDDPs. 
     Moreover, the influences of the alkyl chain structure of the additives have been studied by 
employing various kinds of ZDPs and ZDDPs. This study has indicated that adsorbed films 
may be formed by the intact molecules and/or their decomposition compounds to affect the 
film-forming behaviour. This effect of the alkyl structures on the film-forming properties of 
ZDPs is generally the same as the effects on those of ZDDPs. 
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Chapter 6 
 
Friction Properties of ZDPs 
 
     This chapter describes the friction behaviour of ZDPs as measured by the MTM. The 
effects of temperature and concentration on the friction behaviour are also shown. In addition, 
the effect of the alkyl structure of ZDPs on the friction behaviour especially in the boundary 
lubrication region is considered. In each case, friction of ZDP is compared with that of the 
corresponding ZDDP. 
 
 
6.1 Comparison of ZDPs and ZDDPs 
     The friction behaviours of ZDPs and ZDDPs were investigated and compared using an 
MTM for ZDP-iC8, ZDP-nC8, ZDP-secC6, and the corresponding ZDDPs. In this 
evaluation, the concentration of the additives corresponds to 0.08 wt% phosphorus. 
 
6.1.1 ZDP-iC8 and ZDDP-iC8 
     The influence of rubbing time on the friction coefficient behaviour of ZDP-iC8 is shown 
in Figure 6-1. The friction in the intermediate speed, e.g. in the mixed lubrication region 
increases with rubbing time. A similar behaviour is measured for ZDDP-iC8 in Figure 6-2, 
where the friction in the mixed lubrication region rapidly increases with rubbing time. In 
previous papers, this has been reported to result from a shift of the friction/mean speed curve 
to the right due to rougher surface of the contact and/or thinner EHD film formation as the 
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ZDDP tribo-films grow [146, 147, 161]. For ZDP-iC8, the same mechanism may cause the 
friction increase in the mixed lubrication region because the ZDP-iC8 film also has a patchy 
structure like the ZDDP-iC8 film (Figure 5-3). The boundary friction of ZDP-iC8, measured 
at slow speed, hardly varies with rubbing time, while the boundary friction of ZDDP-iC8 
gradually decreases with rubbing time and stabilizes at about 0.12. The decrease of the 
boundary friction of ZDDP-iC8 may be due to smoothening of the film surface by rubbing. 
For ZDP-iC8, the film-forming speed is not as rapid as that of ZDDP-iC8, so that 
smoothening of the film surface may occur simultaneously with film growth. This is 
considered to be the reason for the independence of the boundary friction of ZDP-iC8 from 
rubbing time. 
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Figure 6-1. Influence of rubbing time on the friction properties of ZDP-iC8 film 
at 100 ºC. 
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Figure 6-2. Influence of rubbing time on the friction properties of ZDDP-iC8 
film at 100 ºC. 
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     Figure 6-3 compares the friction behaviour of ZDP-iC8 and ZDDP-iC8 films after 6 hours 
rubbing at 100 ºC. It is shown that there is no noticeable difference in the boundary friction 
behaviour between the two additives, although the friction of ZDP-iC8 film is slightly lower 
than that of ZDDP-iC8 film in the mixed lubrication region. This difference in the mixed 
lubrication region may be caused mainly by the difference in the tribo-film thickness; about 
100 nm for ZDP-iC8 but 170 nm for ZDDP-iC8 (Figure 5-2). A comparison in the friction of 
the films formed at 70 ºC is also shown in Figure 6-4, where the same features as that at 100 
ºC can be seen, i.e. there is no difference in the boundary friction, while ZDP-iC8 shows a 
little lower friction in the mixed lubrication region compared to ZDDP-iC8. This difference 
in the mixed lubrication may also result from the difference in the film thickness between 
them. 
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Figure 6-3. Friction coefficient behaviour of the films formed by 6 hours rubbing 
with ZDP-iC8 and ZDDP-iC8 at 100 ºC. 
Figure 6-4. Friction coefficient behaviour of the films formed by 6 hours rubbing 
with ZDP-iC8 and ZDDP-iC8 at 70 ºC. 
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6.1.2 ZDP-nC8 and ZDDP-nC8 
     The friction properties of the films formed by ZDP-nC8 and ZDDP-nC8 at 120 and 100 
ºC are shown in Figure 6-5 and 6-6 respectively. ZDP-nC8 shows similar friction behaviour 
to ZDDP-nC8 both in the boundary and mixed lubrication regions, although there is a small 
difference in the friction values between them. Interestingly, both additives show positive 
variation of friction coefficient with mean speed in the boundary lubrication region, i.e. the 
boundary friction increases as the mean speed increases. This friction behaviour is not 
measured for ZDP-iC8 and ZDDP-iC8 as shown above. This may be because of the straight 
alkyl chains of the additives, as will be discussed in Section 6.4. In addition, the slope of the 
boundary friction/mean speed curve for ZDP-nC8 appears slightly larger than that for ZDDP-
nC8 both at 120 and 100 ºC. This may result from the higher adsorbing ability of ZDP-nC8 
due to its higher polarity than ZDDP-nC8. This will also be discussed in Section 6.4.2. 
     In the mixed lubrication region, ZDP-nC8 shows slightly higher friction than ZDDP-nC8, 
although the film formed by ZDP-nC8 is a little thinner than the ZDDP-nC8 film (Figure 5-
4). This feature is different from that for ZDP-iC8 and ZDDP-iC8.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-5. Friction coefficient behaviour of the films formed by 6 hours rubbing 
with ZDP-nC8 and ZDDP-nC8 at 120 ºC. 
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6.1.3 ZDP-secC6 and ZDDP-secC6  
     Figure 6-7 compares the friction behaviour of ZDP-secC6 and ZDDP-secC6 films formed 
in MTM rubbing tests at 70 ºC for 6 hours. It is impossible to compare their friction 
behaviours at 100 and 120 ºC because some of the films formed by ZDP-secC6 and ZDDP-
secC6 at these temperatures are not stable. It is shown in Figure 6-7 that the ZDP-secC6 film 
exhibits much higher boundary friction than the ZDDP-secC6 film. This may indicate that the 
reaction film formed by ZDP-secC6 may have higher shear strength than the film formed by 
ZDDP-secC6. The ZDDP-secC6 film might be more flexible due to the incorporation of 
sulphur atoms in the polyphosphate chains compared to the ZDP-secC6 film, which will be 
discussed later. In addition, the friction of ZDP-secC6 in the mixed lubrication region is 
higher than that of ZDDP-secC6, although the ZDP-secC6 film formed at 70 ºC is thinner 
than the ZDDP-secC6 film (Figure 5-14). The higher shear strength of the ZDP-secC6 film 
suggested above may also affect the friction in the mixed lubrication region. Other possible 
reasons for the difference in the mixed lubrication are that ZDP-secC6 might form viscous 
adsorbed films on the reaction film to increase friction due to higher polarity of ZDP-secC6 
than ZDDP-secC6 or that the ZDP-secC6 film may be rougher than the ZDDP-secC6 film. 
This will also be discussed in the next section. 
 
 
 
Figure 6-6. Friction coefficient behaviour of the films formed by 6 hours rubbing 
with ZDP-nC8 and ZDDP-nC8 at 100 ºC. 
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6.1.4 Summary of the Comparison of the Friction Behaviours 
     Table 6-1 briefly summarizes the relative friction properties of ZDPs and ZDDPs. For the 
primary additives, there is generally no significant difference in the friction properties 
between them both in the boundary lubrication region, while there is a small difference in the 
mixed lubrication regions. For the secondary additives, ZDP-secC6 clearly exhibits higher 
friction than ZDDP-secC6 both in the mixed and the boundary lubrication regions.  
 
 
 
     From these results, it can be suggested that the friction of the primary additives may be 
derived predominantly from the adsorbed films formed on the reaction films, while the 
friction for the secondary additives may be derived from the reaction film. For the primary 
ZDPs and ZDDPs, the boundary friction may depend on their alkyl structure, which results in 
the similar friction properties between ZDPs and ZDDPs. In addition, it can be assumed from 
  in the Boundary Lubrication in the Mixed Lubrication 
2-ethylhexyl ZDP-iC8 ≃ ZDDP-iC8 ZDP-iC8 < ZDDP-iC8 
Pri. 
n-octyl ZDP-nC8 ≃ ZDDP-nC8 ZDP-nC8 > ZDDP-nC8 
Sec. 1,3-dimethylbutyl ZDP-secC6 >> ZDDP-secC6 ZDP-secC6 > ZDDP-secC6 
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Figure 6-7. Friction coefficient behaviour of the films formed by 6 hours rubbing 
with ZDP-secC6 and ZDDP-secC6 at 70 ºC. 
Table 6-1. Brief summary of the comparison of the friction properties between ZDPs and 
ZDDPs. 
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the results for the secondary additives that the reaction film formed by ZDPs may be harder 
and less elastic than the film formed by ZDDPs, which may result in the higher boundary 
friction of the ZDP-secC6 film than the ZDDP-secC6 film. For ZDDP films, the partial 
incorporation of sulphur atoms into the polyphosphate chains instead of oxygen atoms may 
give molecular flexibility to the films. On the contrary, ZDPs may form more rigid 
polyphosphates films because ZDPs have no sulphur in the molecules. This may be why the 
reaction films formed by ZDPs may be harder and less elastic than the films formed by 
ZDDPs. It would be desirable in future work to analyse chemical composition of the ZDP 
films and to carry out nano-indentation of the films to clarify the mechanisms suggested 
above. 
     In the mixed lubrication region, besides shear strength of the boundary films, roughness of 
the films is an important factor for the friction. Higher roughness of the films cause a shift of 
Stribeck curve to higher speed, which results in higher friction in the mixed lubrication region 
[146, 147, 161]. The antiwear films formed by ZDPs and ZDDPs have a patchy structure, 
therefore, the roughness will generally be higher when the film is thicker. Factoring these 
terms, ZDPs have an advantage for lower friction over ZDDPs because ZDP films are 
generally thinner than ZDDP films. Another possible factor may be the entraining ability of 
bulk fluid at the surface of the film. If the entrainment of fluid is hindered at the surface of 
boundary films, a thinner hydrodynamic or elasto-hydrodynamic film thickness will result to 
cause higher friction in the mixed lubrication region due to a shift of the friction/speed curve 
to higher speed. Factoring this context, ZDPs may have a frictional disadvantage compared to 
ZDDPs, since the more stable adsorbed film by ZDPs may hinder the entrainment of fluid 
more strongly than the adsorbed film by ZDDPs. To sum up, shear strength of the boundary 
films, thickness of the boundary films, and the fluid-entraining ability of the adsorbed film are 
suggested to be factors influencing the friction properties of ZDPs and ZDDPs in the mixed 
lubrication region. The balance of these three factors may determine the order of the friction 
in the mixed lubrication region between ZDPs and ZDDPs.   
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6.2 Effects of Temperature 
     The effect of temperature on the friction properties of ZDPs was investigated using ZDP-
iC8 and ZDP-nC8 and compared with the corresponding ZDDPs. Also in this evaluation, the 
concentration of the additives corresponds to 0.08 wt% phosphorus. 
 
6.2.1 ZDP-iC8 and ZDDP-iC8 
     Figure 6-8 shows the effect of temperature on the friction behaviour of ZDP-iC8. 
Comparing the properties at 70 and 100 ºC, the film formed at 70 ºC shows higher friction 
than the film formed at 100 ºC in the boundary lubrication region, while the friction in the 
mixed lubrication region is lower at lower temperature. However, at 120 ºC, the friction of 
ZDP-iC8 varies greatly between tests, which is considered to be because the film forming is 
not steady. (Figure 5-6). A similar trend can be seen for the film formed by ZDDP-iC8 
(Figure 6-9). The boundary friction is higher at lower temperature, while the friction in the 
mixed lubrication is lower at lower temperature. However, the ZDDP-iC8 film shows lower 
friction at 120 ºC than expected in the mixed lubrication region. 
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Figure 6-8. Effect of temperature on friction coefficient behaviour of the films 
formed by 6 hours rubbing with ZDP-iC8. 
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6.2.2 ZDP-nC8 and ZDDP-nC8 
     Figure 6-10 and 6-11 show the effect of temperature on the friction properties of the films 
formed by ZDP-nC8 and ZDDP-nC8 respectively. Comparing the properties at 120 and 100 
ºC, both of the additives shows the same trend; the boundary friction is lower and the friction 
in the mixed lubrication region is higher at the higher temperature. This is similar to that for 
ZDP-iC8 and ZDDP-iC8. In addition, at 120 ºC as well as 100 ºC, the positive variation of 
the boundary friction to mean speed is measured for both of ZDP-nC8 and ZDDP-nC8. 
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Figure 6-9. Effect of temperature on friction coefficient behaviour of the films 
formed by 6 hours rubbing with ZDDP-iC8. 
Figure 6-10. Effect of temperature on friction coefficient behaviour of the films 
formed by 6 hours rubbing with ZDP-nC8. 
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6.2.3 ZDP-secC6 and ZDDP-secC6 
     Figure 6-12 shows the friction properties of the ZDP-secC6 films formed at 70 and 100 ºC. 
It is clear that the boundary friction is higher at lower temperature, although there is no 
difference in the mixed lubrication region. In addition, the friction properties of the ZDDP-
secC6 films formed at 50 and 70 ºC are compared in Figure 6-13. Similarly, the boundary 
friction is higher at lower temperature, while there is no difference in the mixed lubrication 
region. The effect of temperature on the boundary friction for the secondary ZDP and ZDDP 
is the same as that for the primary ZDPs and ZDDPs. 
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Figure 6-11. Effect of temperature on friction coefficient behaviour of the films 
formed by 6 hours rubbing with ZDDP-nC8. 
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Figure 6-12. Effect of temperature on friction coefficient behaviour of the films 
formed by 6 hours rubbing with ZDP-secC6. 
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6.2.4 Summary of the Effects of Temperature 
     Table 6-2 summarises the effect of temperature on the friction properties of ZDPs and 
ZDDPs in the boundary and mixed lubrication regions. For all of the additives studied here, 
the boundary friction is higher at lower temperature, although it is not consistent with the 
previous research [122, 152]. Also, in general, the friction in the mixed lubrication region is 
lower at lower temperature for the primary ZDPs and ZDDPs, although no difference was 
measured for the secondary ZDP and ZDDP. 
 
 
 
 
 
 
 
  in the Boundary Lubrication in the Mixed Lubrication 
2-ethylhexyl ↘ ↗ 
Pri. 
n-octyl ↘ ↗ 
Sec. 1,3-dimethylbutyl ↘ --- 
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Figure 6-13. Effect of temperature on friction coefficient behaviour of the films 
formed by 6 hours rubbing with ZDDP-secC6. 
Table 6-2. Brief summary of the effect of temperature on the friction properties of ZDPs 
and ZDDPs. 
(↗: Friction increases as temperature increases.) 
(↘: Friction decreases as temperature increases.)
(---: Friction remains same as temperature increases.) 
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     The higher boundary friction at lower temperature is considered to be because shear 
strength of the adsorbed films and/or the reaction films is higher at lower temperature. In the 
mixed lubrication region, the lower friction at lower temperature may be due to thinner 
reaction films and/or higher viscosity resulting in thicker hydrodynamic films. The reason for 
the luck of dependence of friction on temperature in the mixed lubrication region for ZDP-
secC6 and ZDDP-secC6 is not clear. Shear strength of the boundary film may be more 
influential for the secondary additives compared to the primary additives. 
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6.3 Effects of Concentration 
     The effect of concentration on the friction properties of ZDPs was investigated using ZDP-
iC8, ZDP-nC8, and the corresponding ZDDPs. In this evaluation, temperature is 100 ºC; SRR 
50%, and load 31 N (a maximum Hertzian contact pressure 0.93 GPa). 
 
6.3.1 ZDP-iC8 and ZDDP-iC8 
     Figure 6-14 shows the friction behaviour of the films formed by ZDP-iC8 at various 
concentrations from 0.005 to 0.12 wt% phosphorus. It was shown that the friction in the 
mixed lubrication region increases with increasing concentration, although no clear 
correlation can be seen between the boundary friction and concentration. The similar trend 
was also measured in the friction properties of ZDDP-iC8 (Figure 6-15). The influence of 
concentration on friction in the mixed lubrication regime is not considered to result from the 
film thickness since there is no clear correlation between the film thickness and the 
concentration (Figure 5-10). Also the blend viscosity could not be the reason for the 
difference in the friction because the difference in the viscosity is negligible. One possible 
reason is that adsorbed film formed on the surface of the reaction film at the higher 
concentration may cause poorer fluid entrainment at the contact surface, which results in the 
increase of friction in the mixed lubrication region. Another possible reason for the effect of 
concentration on the friction in the mixed lubrication region may be the difference in 
roughness of the film surface. The faster film formation at higher concentration may give a 
rougher film, which results in a greater shift of the Stribeck curve towards high speed. 
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Figure 6-14. Effect of concentration on friction coefficient behaviour of films 
formed by 6 hours rubbing with ZDP-iC8. 
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6.3.2 ZDP-nC8 and ZDDP-nC8 
     Figure 6-16 and 6-17 shows the effect of concentration on the friction properties of the 
additives having linear alkyl chains, e.g. ZDP-nC8 and ZDDP-nC8. For ZDP-nC8, the 
boundary friction is lower at higher concentration. In contrast, the friction in the mixed 
lubrication region is higher at higher concentration, although there is no clear effect of 
concentration on the stabilized film thickness (Figure 5-20). These differences are likely to 
result from a shift of the Stribeck curve to higher mean speed at higher concentration. The 
shift may be caused by the poorer entrainment of bulk fluid due to denser adsorbed film at 
higher concentration. In addition, significantly, ZDP-nC8 exhibits the positive variation of 
the boundary friction to mean speed at the low concentration of 0.005 wt% phosphorus.  
     Similarly, for ZDDP-nC8, the boundary friction is lower at higher concentration, while the 
friction in the mixed lubrication region is higher at higher concentration. This may also result 
from a shift of the Stribeck curve to higher mean speed at higher concentration. Interestingly, 
the positive variation of the boundary friction to mean speed is not obvious at the lower 
concentrations, 0.005 and 0.02 wt% phosphorus, although ZDP-nC8 clearly shows the 
positive variation at these low concentrations. This indicates that ZDP-nC8 may form the 
adsorbed film more effectively to function as oiliness additives than ZDDP-nC8, which will 
be discussed later.     
 
    
Figure 6-15. Effect of concentration on friction coefficient behaviour of films 
formed by 6 hours rubbing with ZDDP-iC8. 
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Figure 6-16. Effect of concentration on friction coefficient behaviour of films 
formed by 6 hours rubbing with ZDP-nC8. 
Figure 6-17. Effect of concentration on friction coefficient behaviour of the films 
formed by 6 hours rubbing with ZDDP-nC8. 
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6.4 Effects of Alkyl Structure 
     The effect of the alkyl chain structure on the friction properties of ZDPs has been studied 
and compared with the effects on the properties of ZDDPs.  
 
6.4.1 Effects of Alkyl Structure on Friction Properties 
     Figure 6-18 compares the friction behaviours of the films formed by 6 hours rubbing for 
ZDP-iC8, ZDP-nC8, ZDP-nC6, and ZDP-secC6 at 100 ºC. In the mixed lubrication region, 
the friction of the secondary ZDP is lower than that of the primary ZDPs, and the friction of 
the primary ZDPs having linear alkyl chains (ZDP-nC8 and ZDP-nC6) is slightly higher than 
that of the primary ZDP having branched alkyl chains (ZDP-iC8). These trends seem 
independent of the film thickness. The order of the friction in the mixed lubrication region 
(ZDP-nC8 > ZDP-C6 > ZDP-iC8 > ZDP-secC6) is different from the order of the film 
thickness (ZDP-secC6 > ZDP-C6 > ZDP-iC8 > ZDP-nC8). More interesting features were 
measured in the boundary lubrication region. ZDP-nC8 and ZDP-nC6 having linear alkyl 
chains show the positive variation of boundary friction to the mean speed, which means that 
the boundary friction decreases as the mean speed decreases. On the contrary, the friction of 
ZDP-secC6 increases as the mean speed decreases, while the boundary friction of ZDP-iC8 
is almost independent of the mean speed in the range studied here. This behaviour in the 
boundary friction is consistent with the behaviour of ZDDPs measured by Aoki et al. (Figure 
2-13) [99].      
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Figure 6-18. Effect of the alkyl structure on friction coefficient behaviour of the 
ZDP films formed by 6 hours rubbing at 100 ºC. 
  142
     The friction behaviour of the films formed by 6 hours rubbing with ZDDP-iC8 and 
ZDDP-nC8 at 100 ºC is shown in Figure 6-19. In the boundary lubrication region, the same 
feature is seen as that of ZDPs; the boundary friction of ZDDP-nC8 decreases as the 
temperature decreases, while the boundary friction of ZDDP-iC8 is hardly affected by the 
mean speed. In the mixed lubrication region, ZDDP-nC8 shows lower friction than ZDDP-
iC8. This trend is different from that for ZDPs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
6.4.2 Hypothetical Mechanism for the Effects of Alkyl Structures 
     The effects of the alkyl chain structures in the boundary friction behaviour is likely to be 
controlled by adsorbed alkyl surfactant films, as suggested in Chapter 5, rather than by the 
reaction films comprised mainly of glassy metal polyphosphates. The positive variation of 
boundary friction versus mean speed behaviour of the additives having linear alkyl chains 
such as ZDP-nC8, ZDP-nC6, and ZDDP-nC8 may result from forming their stable, 
adsorbed films. The adsorbed films formed on the reaction films may function as oiliness 
additives [217]. This feature is consistent with the previous research, where it was shown that 
a ZDDP having n-dodecyl chains has the positive variation of the boundary friction to sliding 
speed, as described in Chapter 2 [99]. The authors suggested that this characteristic feature in 
the boundary friction properties of ZDDPs are influenced by the hydrocarbon moieties. 
     In contrast, the additives having branched alkyl chains e.g. ZDP-iC8, ZDP-secC6, ZDDP-
iC8, and ZDDP-secC6 do not show this positive variation of the boundary friction to mean 
speed, which is also consistent with the previous study. This may be because the additives 
may form adsorbed films, but the films are not as stable as the adsorbed films by the additives 
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Figure 6-19. Effect of the alkyl structure on friction coefficient behaviour of 
ZDDP films formed by 6 hours rubbing at 100 ºC. 
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having linear alkyl chains due to the steric hindrance of their alkyl chains. Moreover, 
comparing ZDP-iC8 and ZDP-secC6, the boundary friction of ZDP-iC8 is independent of 
the mean speed in the range measured here, while the boundary friction of ZDP-secC6 
increases as the mean speed decreases. The same tend was measured for ZDDP-iC8 and 
ZDDP-secC6. This indicates that the adsorbed film formed by ZDP-secC6 and ZDDP-secC6 
may be sparser and less stable than the films formed by ZDP-iC8 and ZDDP-iC8. Moreover, 
measurements show that the friction-reducing performance of ZDP-nC8 is better than that of 
ZDDP-nC8 especially at low concentration (Figure 6-5, 6-6, 6-16, and 6-17). This may be 
because the adsorbing ability of ZDP-nC8 is higher than that of ZDDP-nC8 due to the higher 
polarity of ZDP-nC8 than that of ZDDP-nC8. 
    Here, there are two possible mechanisms suggested for the positive boundary friction 
versus mean speed behaviour by the adsorbed film. One possible mechanism is that the 
adsorbed film functions as a hydrodynamic film, where the film becomes thinner and thus the 
friction decreases as the speed decreases. Norihisa et al. showed that phosphates having long 
alkyl chains have the velocity-dependent property of the boundary friction (Figure 6-20) and 
have suggested that it originates from the HD film function of the thick viscous boundary 
films formed by the phosphates [218, 219]. Another possible mechanism is that the positive 
dependence of speed on the boundary friction may result from the positive variation of the 
shear strength of the adsorbed molecules to the speed. Some researchers have shown that the 
shear strength of the adsorbed monolayers formed by surfactants such as stearic acid and 
dioctadecyldimethylammonium chloride increases with increase of the sliding speed (Figure 
6-21) [220, 221]. Ingram et al. have studied the friction properties of surfactants having long 
alkyl chains at the contact between steel and a friction material for wet clutches and shown 
that surfactants having straight alkyl chains such as hexanoic acids and stearic acids exhibit 
the positive variation of the boundary friction to the sliding speed [222, 223]. The authors 
have concluded that this friction property is likely to result from activated shear of the 
adsorbed molecules rather than HD friction behaviour of the adsorbed viscous film, since the 
dependence of the speed on friction is much less than that expected for hydrodynamic films.  
     For those antiwear additives having linear alkyl chains studied here, the velocity-
dependence on the boundary friction is relatively small compared to that expected for HD 
films. This indicate that the positive variation of the boundary to mean speed measured for 
ZDP-nC8, ZDP-nC6, and ZDDP-nC8 is also likely to be caused by the activated shear of the 
adsorbed molecules rather than the HD film function of the adsorbed films. 
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Figure 6-20. Dependence of sliding velocity on friction of oleyl acid phosphate 
[218]. 
Figure 6-21. Dependence of sliding velocity on shear strength of stearic acid 
[220]. 
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6.5 Summary of this Chapter 
     In this chapter, the friction properties of ZDPs are described and compared with those of 
ZDDPs. Comparing the primary ZDPs and the corresponding ZDDPs, the difference in the 
friction behaviours is relatively small. This is possibly because the friction properties of the 
primary additives studied here is dominated by their alkyl chain structure. However, for the 
secondary additives, ZDP-secC6 shows clearly higher friction than ZDDP-secC6 both in the 
boundary and mixed lubrication regions, which may be because the friction of the secondary 
additives is affected greatly by the properties of their reaction films rather than adsorbed films. 
The higher friction of ZDP-secC6 than ZDDP-secC6 indicates that the reaction films formed 
by ZDPs may be harder and less elastic than the films formed by ZDDPs. 
     The effect of temperature on their friction properties were also studied here. Generally, the 
boundary friction is lower and the friction in the mixed lubrication is higher at higher 
temperature. The lower boundary friction at higher temperature is likely to result from the less 
shear strength of the adsorbed films and/or the reaction films. The higher friction in the mixed 
lubrication at higher temperature is possibly caused by shift of the Stribeck curve to the 
higher speed due to thicker and thus rougher reaction films and/or lower viscosity of bulk 
fluid. 
     It is also shown that concentration of the additives affects their friction properties. For 
ZDP-iC8 and ZDDP-iC8, the friction is higher at higher concentration in the mixed 
lubrication regime, while concentration hardly affects the boundary friction. This may be 
because the entrainment of bulk fluids hindered more strongly by the adsorbed molecules on 
the reaction film at higher concentration. For ZDP-nC8 and ZDDP-nC8, a similar trend was 
measured in the mixed lubrication region. In addition, interestingly, ZDP-nC8 clearly shows 
the positive variation of the boundary friction even at low concentration, although the 
velocity-dependence of the boundary friction for ZDDP-nC8 is not obvious at low 
concentration. 
     The alkyl structure strongly affects the friction properties as well as the film-forming 
properties of ZDPs and ZDDPs. The effect is obvious especially in the boundary friction. The 
additives having linear alkyl chains show the positive dependence of the boundary friction on 
mean speed, while the secondary additives show the negative dependence. For the primary 
additives having branched alkyl chains, the boundary friction is almost independent of mean 
speed in the range measured in this study. These features depend on the stability of the 
adsorbed films formed by the intact additives and/or their decomposition compounds. 
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Interestingly, there is no noticeable difference in the effect of alkyl structure between ZDPs 
and ZDDPs. 
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Chapter 7 
 
Antiwear Performance of ZDPs 
 
     In this chapter, the antiwear performance of various ZDPs were investigated and 
compared with that of the corresponding ZDDPs using an HFRR. In addition, the effect of 
alkyl structure of ZDPs and ZDDPs on their antiwear performances was studied. 
 
 
7.1 Comparison of ZDPs and ZDDPs 
     The antiwear performance of ZDPs and ZDDPs was compared using an HFRR. In this 
evaluation, two types of disc specimens with different hardness and one type of ball specimen 
were employed. The hardnesses of the discs were 800 HV (‘hard disc’) and 200 HV (‘soft 
disc’), while the hardness of the ball was 58-66 HRC (‘hard ball’). The hardness of hard disc 
was roughly same as that of hard ball, while soft disc was softer than ball. The additives 
employed in this study were ZDP-iC8, ZDP-nC8, ZDP-secC6, as well as the corresponding 
ZDDPs. The concentration of the antiwear additives corresponded to 0.08 wt% phosphorus. 
 
7.1.1 Hard Ball and Hard Disc 
     In this section, the antiwear properties of ZDPs and ZDDPs are compared using hard ball 
and hard disc specimens. The HFRR rubbing conditions were: frequency 50 Hz, stroke length 
1000 µm, temperature 100 ˚C, and load 600 g (a maximum Hertzian contact pressure 1.16 
GPa). Wear volumes of balls and discs after one hour HFRR rubbing tests are shown in 
  148
Figure 7-1 and 7-2 respectively. It is clear that the primary ZDPs and ZDDPs have excellent 
antiwear performances in this rubbing condition. Especially on balls, just tiny wear scars were 
observed. Importantly, there is no significant difference between the primary ZDPs and 
ZDDPs in their antiwear performances, although ZDDP-iC8 shows slightly better antiwear 
performance for discs than ZDP-iC8. Also, the effect of alkyl structure on their antiwear 
performances appears almost negligible for the primary additives, which will be discussed in 
Section 7.2. By contrast, the antiwear performances of the secondary ZDP and ZDDP are 
worse than those of the primary ZDPs and ZDDPs. Also, ZDDP-secC6 exhibits better 
antiwear performance than ZDP-secC6, especially on discs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-1. Antiwear performances of ZDPs and ZDDPs on balls evaluated after 
one hour HFRR rubbing tests; (hard ball on hard disc). 
Figure 7-2. Antiwear performances of ZDPs and ZDDPs on discs evaluated after 
one hour HFRR rubbing tests; (hard ball on hard disc). 
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     Figure 7-3 shows growth of wear scars on balls and discs with rubbing time for ZDP-iC8 
and ZDDP-iC8. The wear scars on balls are very small even after four hours rubbing, thus it 
is difficult to compare the antiwear performance of ZDP-iC8 and ZDDP-iC8. However, a 
slight difference in the antiwear properties for discs between ZDP-iC8 and ZDDP-iC8 was 
measured. The initial wear for ZDP-iC8 is slightly greater than that for ZDDP-iC8, while 
there is no noticeable difference between the wear rates between one to four hours. This may 
result from the difference in the initial film-forming speed (Figure 5-2). Also no difference in 
the wear rate after the initial wear indicates that the film formed by ZDP-iC8 may have the 
similar antiwear performance to the film by ZDDP-iC8 in this condition. 
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Figure 7-3. Growths of wear volume of (a) hard balls and (b) hard discs with 
rubbing time for ZDP-iC8 and ZDDP-iC8. 
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     Growths of wear scars on balls and discs for ZDP-nC8 and ZDDP-nC8 are shown in 
Figure 7-4. For both ZDP-nC8 and ZDDP-nC8, the wear scars on balls are very tiny even 
after four hours rubbing, which is the same as ZDP-iC8 and ZDDP-iC8. In addition, no 
noticeable difference can be seen in the antiwear performances for discs between these two 
additives. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     Growths of wear volume on balls and discs with rubbing time for ZDP-secC6 and ZDDP-
secC6 are shown in Figure 7-5. More obvious differences in the antiwear properties of the 
secondary additives were measured than those of the primary ones. For balls, ZDP-secC6 
shows better antiwear performance than ZDDP-secC6, although the initial wear volume for 
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Figure 7-4. Growths of wear volume of (a) hard balls and (b) hard discs with 
rubbing time for ZDP-nC8 and ZDDP-nC8. 
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ZDP-secC6 is greater than that for ZDDP-secC6. On the contrary, for discs, ZDP-secC6 
shows obviously poorer antiwear performance than ZDDP-secC6. A hypothetical mechanism 
for this behaviour will be suggested later. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7.1.2 Hard Ball and Soft Disc 
     The antiwear performances of ZDPs and ZDDPs were also evaluated using hard ball and 
soft disc specimens. Figure 7-6 and 7-7 show wear volume of balls and discs after one hour 
HFRR rubbing tests. The rubbing conditions were the same as for the hard disc tests: 
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Figure 7-5. Growths of wear volume of (a) hard balls and (b) hard discs with 
rubbing time for ZDP-secC6 and ZDDP-secC6. 
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frequency 50 Hz, stroke length 1000 µm, temperature 100 ˚C, and load 600 g (a maximum 
Hertzian contact pressure 1.16 GPa). All the additives show antiwear performance compared 
to the base fluid. For balls, ZDP-nC8 and ZDP-secC6 have better performance than the 
corresponding ZDDPs, although ZDP-iC8 has poorer antiwear performance than ZDDP-iC8. 
For discs, all ZDPs studied here have poorer antiwear performances than the corresponding 
ZDDPs. In addition, in the all cases, the wear volume on discs is much greater than that on 
balls, which could result mainly from the difference in their hardness. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-6. Antiwear performances of ZDPs and ZDDPs on balls evaluated after 
one hour HFRR rubbing tests; (hard ball on soft disc). 
Figure 7-7. Antiwear performances of ZDPs and ZDDPs on discs evaluated after 
one hour HFRR rubbing tests; (hard ball on soft disc). 
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     Figure 7-8 shows growths of wear volume of balls and discs with rubbing time for ZDP-
iC8 and ZDDP-iC8. Both for balls and discs, there is a clear difference in the initial wear rate 
between ZDP-iC8 and ZDDP-iC8; the initial wear for ZDP-iC8 being bigger than that for 
ZDDP-iC8. This may be because the initial film-forming rate of ZDP-iC8 is slower than that 
of ZDDP-iC8. However, there is no noticeable difference in the wear rate after the initial 
wear between ZDP-iC8 and ZDDP-iC8. This behaviour is similar to the antiwear properties 
evaluated using hard ball and hard disc specimens. 
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Figure 7-8. Growths of wear volume of (a) hard balls and (b) soft discs with 
rubbing time for ZDP-iC8 and ZDDP-iC8. 
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     The growths of wear volume of balls and discs for ZDP-nC8 and ZDDP-nC8 are shown 
in Figure 7-9. Some differences in their antiwear performances were measured here, although 
there is no difference in their performances evaluated using hard ball and hard disc specimens 
as shown in the previous section. For balls, ZDP-nC8 shows better antiwear performance 
than ZDDP-nC8. The initial wear for ZDP-nC8 is smaller than that for ZDDP-nC8. After 
the initial wear, the increase in the wear volume for ZDP-nC8 is very small, although the 
wear volume for ZDDP-nC8 gradually increases with rubbing time. In contrast, ZDDP-nC8 
shows a little better antiwear performance for discs than ZDP-nC8. The wear volume for 
ZDP-nC8 gradually increases with rubbing time, although the wear volume for ZDDP-nC8 
hardly increases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
50000
100000
150000
200000
250000
0 60 120 180 240
Time, min
W
ea
r V
ol
um
e 
of
 B
al
l, 
µm
3 ZDP-nC8
ZDDP-nC8
(b) 
0
1000000
2000000
3000000
4000000
5000000
0 60 120 180 240
Time, min
W
ea
r V
ol
um
e 
of
 D
is
c,
 µ
m
3 ZDP-nC8
ZDDP-nC8
(a) 
Figure 7-9. Growths of wear volume of (a) hard balls and (b) soft discs with 
rubbing time for ZDP-nC8 and ZDDP-nC8. 
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     Figure 7-10 shows growths of wear volume of balls and discs for ZDP-secC6 and ZDDP-
secC6. The difference in the antiwear performances between these additives becomes much 
clearer in the longer rubbing tests, although the difference is small at the initial stage. ZDP-
secC6 shows much better antiwear performance than ZDDP-secC6 for ball specimens, while 
ZDDP-secC6 shows much better antiwear performance than ZDP-secC6 for disc specimens. 
The reason for the antiwear properties of ZDP-secC6 and ZDDP-secC6 will be discussed in 
the next section.  
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7.1.3 Summary of the Comparison between ZDPs and ZDDPs 
     Table 7-1 shows a general summary of the antiwear performance of ZDPs and ZDDPs. For 
the primary additives, the antiwear performance of ZDPs is similar to that of ZDDPs, 
although some minor differences were measured in some cases. For example, ZDDPs show 
better antiwear performances for soft discs than ZDPs. For the secondary additives, ZDP-
secC6 shows better antiwear performance than ZDDP-secC6 for balls, while ZDDP-secC6 
exhibits much better antiwear property than ZDP-secC6 for discs. 
 
 
    
 
  
 
 
 
 
 
     From these results, it would be suggested that the antiwear performance is achieved by the 
combination of adsorbed films, and chemical films (Figure 7-11). The adsorbed films 
comprise of adsorbed molecules such as intact additives and/or their decomposition products, 
while the chemical films comprise of iron/zinc polyphosphates. The proportion of the 
contribution of these films to the total antiwear performances may depend on the rubbing 
condition and the additives. It is generally considered that the adsorbed films should 
predominantly contribute to the antiwear performance in milder conditions and that the 
chemical films may predominantly contribute to the antiwear performance in more severe 
conditions. In addition, the adsorbed films may function more effectively for those having the 
primary additives, especially having long linear alkyl chains, while the chemical films may 
predominantly work for the secondary additives. Therefore, the relative antiwear performance 
of ZDPs and ZDDPs will depend on rubbing conditions and their alkyl structures. 
     For the primary additives, the adsorbed films may predominantly contribute to their 
antiwear performances, since the adsorbed films may protect the chemical films underneath 
by supporting load and/or by distributing load more uniformly on the chemical films. This 
results in no significant difference in the performance between ZDPs and ZDDPs. 
  Primary Secondary 
Ball ZDP ≃ ZDDP ZDP >> ZDDP 
Disc ZDP ≃ ZDDP ZDP << ZDDP 
Table 7-1. General summary of the comparison in the antiwear 
performance between ZDPs and ZDDPs. 
(* A > B: A shows better antiwear performance than B.)  
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     The secondary ZDP and ZDDP cannot form stable, adsorbed films to support load because 
of poor packing of the alkyl chains. Therefore, any antiwear performance must be achieved by 
chemical phosphate films. For balls, ZDP-secC6 shows relatively better antiwear 
performance than ZDDP-secC6. For ZDP-secC6, the wear volume stabilizes after the initial 
wear, which indicates that ZDP-secC6 may form a stable chemical film to exhibit antiwear 
performance. On the contrary, the wear volume for ZDDP-secC6 continues to rapidly 
increase with rubbing time, which indicates that ZDDP-secC6 may not form a stable antiwear 
film. The difference in the antiwear performance is because the ZDP-secC6 film as measured 
by MTM-SLIM is more stable than the ZDDP-secC6 film at 100 ºC (Figure 5-7). For hard 
disc, both of the secondary additives seem to form the antiwear films; however ZDP-secC6, 
unlike ZDDP-secC6, does not appear to form a tribo-film on soft discs since the wear volume 
rapidly increases with rubbing time. This indicates that hardness of the materials may affect 
the film-forming properties of ZDPs. Difficulties in film formation by ZDDPs on softer 
substrates have been reported in some previous studies [224, 225]. So et al. have suggested 
that it is difficult for ZDDPs to form antiwear films on a soft specimen if there is a 
considerable difference in hardness between two rubbing specimens. Li et al. have studied the 
influence of hardness of substrates on the properties of ZDDP tribo-films. It was shown that 
the films formed on softer substrates are comprised mainly of short-chain polyphosphates 
resulting in the poorer antiwear performance than the films formed on harder materials. The 
influence of the hardness on the film-forming property of ZDP-secC6 is greater than that on 
the properties of ZDDP-secC6, which may result in the poorer antiwear performance of ZDP-
secC6 for soft discs. In addition, from the result in the evaluation of the antiwear performance 
of ZDDP-secC6, it is indicated that it forms antiwear films on the disc, although it does not 
form a film on the ball. The possible reason might be that the rubbing on discs may be less 
severe than on balls because wear scars on discs are not always in rubbing contact, while wear 
scars on balls are always in contact. 
 
 
 
 
 
 
 
 
Figure 7-11. Schematic illustration of the tribo-films. 
Substrates
Chemical Film
(Fe/Zn Polyphosphate)
EP Film (FeS/ZnS Layer)
Adsorbed Film
(Adsorbed Molecules)
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7.2 Effects of Alkyl Structure 
     The effect of alkyl structure of ZDPs and ZDDPs on their antiwear performances was 
investigated in this study. The three types of ZDPs (ZDP-iC8, ZDP-nC8, and ZDP-secC6) 
and the corresponding ZDDPs (ZDDP-iC8, ZDDP-nC8, and ZDDP-secC6) were employed 
for the evaluation. The rubbing conditions and the concentration of the additives were same as 
above. 
 
7.2.1 Hard Ball and Hard Disc 
     The effect of alkyl structure of ZDPs and ZDDPs on their antiwear performances was 
evaluated using hard disc and hard ball specimens here. Growths of wear volume of balls with 
rubbing time for ZDPs and ZDDPs are shown in Figure 7-12 and 7-13 respectively. 
Obviously, the primary ZDPs (ZDP-iC8 and ZDP-nC8) show much better antiwear 
performances for balls than the secondary ZDP (ZDP-secC6). Also, there is no difference in 
the antiwear performance between the two primary ZDPs. The same trends can be seen for 
ZDDPs (Figure 7-13); the primary ZDDPs show better antiwear performances than the 
secondary ZDDP, and there is no difference between the two primary ZDDPs. Figure 7-14 
and 7-15 show growths of wear volume of discs for ZDPs and ZDDPs. The primary ZDPs 
exhibit much better antiwear performances than the secondary ZDP for discs, while there is 
no difference between the two primary ZDPs. These trends are similar to those for balls. For 
ZDDPs, the secondary ZDDP shows poorer antiwear performance than the primary ZDDPs; 
however the difference between them is small. In addition, a small difference was measured 
in the antiwear performance between the two primary ZDDPs. 
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Figure 7-12. Growths of wear volume of balls with rubbing time for ZDPs; (hard 
ball on hard disc). 
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Figure 7-13. Growths of wear volume of balls with rubbing time for ZDDPs; 
(hard ball on hard disc). 
Figure 7-14. Growths of wear volume of discs with rubbing time for ZDPs; (hard 
ball on hard disc). 
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7.2.2 Hard Ball and Soft Disc 
     Here, hard ball and soft disc specimens were employed to evaluate the effect of alkyl 
structure of ZDPs and ZDDPs on their antiwear performances. Figure 7-16 shows growths of 
wear volume of balls with rubbing time for ZDP-iC8, ZDP-nC8, and ZDP-secC6, while 
Figure 7-17 shows the antiwear properties for the corresponding ZDDPs. The differences in 
the antiwear performance for balls between the three ZDPs are small. In contrast, there is a 
clear difference between the primary ZDDPs and the secondary ZDDP, although no 
difference between ZDDP-iC8 and ZDDP-nC8 were measured. 
     Figure 7-18 and Figure 7-19 shows the effects of the alkyl structures of ZDPs and ZDDPs 
on their antiwear performance for soft discs. For ZDPs, clear differences between the three 
ZDPs were measured in their antiwear performances for discs; ZDP-nC8 shows the best 
antiwear performance, while ZDP-secC6 shows the worst. For ZDDPs, ZDDP-nC8 shows 
better antiwear performance than the others, while there is no difference between ZDDP-iC8 
and ZDDP-secC6. 
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Figure 7-15. Growths of wear volume of discs with rubbing time for ZDDPs; 
(hard ball on hard disc). 
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Figure 7-16. Growths of wear volume of balls with rubbing time for ZDPs; (hard 
ball on soft disc). 
Figure 7-17. Growths of wear volume of balls with rubbing time for ZDDPs; 
(hard ball on soft disc). 
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7.2.3 Summary of the Effects of Alkyl Structure 
     Table 7-2 briefly summarizes the effect of alkyl chains of ZDPs and ZDDPs on their 
antiwear performances. It is generally shown that the primary ZDPs and ZDDPs show much 
better antiwear performances than the secondary ZDP and ZDDP, and that the additives 
having n-octyl chains shows a little better antiwear performances than the additives having 2-
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Figure 7-18. Growths of wear volume of discs with rubbing time for ZDPs; (hard 
ball on soft disc). 
Figure 7-19. Growths of wear volume of discs with rubbing time for ZDDPs; 
(hard ball on soft disc). 
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ethylhexyl alkyl chains, although there are some exceptions. However, from the MTM-SLIM 
test results as shown in Chapter 5, the film-forming speed and the stabilized film thickness is 
the highest for the secondary additives and the lowest for the additives having n-octyl chains. 
This trend for the film-forming behaviour seems contradict to the trend for the antiwear 
properties as shown here. Possibly, the stability of the adsorbed film, in short, the structure of 
alkyl chains of ZDPs and ZDDPs as well as the chemical film-forming ability, strongly affect 
their antiwear performance, at least in this condition employed here. 
. 
 
 
  
ZDPs ZDDPs 
Hard Ball 
(against Hard Disc) nC8 ≃ iC8 >> secC6 nC8 ≃ iC8 >> secC6 
Hard Ball 
(against Soft Disc) nC8 ≃ secC6 ≃ iC8 nC8 ≃ iC8 >> secC6 
Hard Disc nC8 ≃ iC8 >> secC6 iC8 ≃ nC8 ≃ secC6 
(iC8 > nC8 > secC6) 
Soft Disc nC8 > iC8 > secC6 nC8 ≃ iC8 ≃ secC6 
(nC8 > iC8 ≃ secC6) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 7-2. Brief summary of the effect of alkyl structure on the antiwear 
performances of ZDPs and ZDDPs. 
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7.3 Summary of this Chapter 
     In this chapter, the antiwear properties of ZDPs and ZDDPs were investigated using an 
HFRR. Particularly, the antiwear performances of ZDPs were compared to those of the 
corresponding ZDDPs in this study. It was shown that the antiwear performances of ZDPs 
and ZDDPs depend on the substrates and the alkyl structures. For the primary ZDPs and 
ZDDPs, their antiwear performances are relatively similar, which may be because the 
antiwear properties are achieved predominantly by the adsorbed films rather than the 
chemical films. For the secondary ZDP and ZDDP having 1,3-dimethylbutyl chains, ZDP 
shows better antiwear performance for ball specimens than ZDDP, while ZDDP shows better 
performance for disc specimens than ZDP. This indicates that the antiwear properties may be 
achieved mainly by chemical films for the secondary ZDP and ZDDPs and that the film-
forming ability and stability of the chemical film thus affects the antiwear performance. 
     In addition, the effect of alkyl structure of ZDPs and ZDDPs on their antiwear 
performance was evaluated using the additives having 2-ethylhexyl, n-octyl, and 1,3-
dimethylbutyl chains. Generally, the primary additives show much better antiwear 
performance compared to the secondary additives in this rubbing condition. Also the additive 
having linear alkyl chains, e.g. n-octyl chains shows a little better antiwear performance 
compared to the additives having 2-ethylhexyl chains. This indicates that the alkyl structures 
could be one of the significant factors affecting their antiwear performance. 
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Chapter 8 
 
Effects of Base Oil and Other Additives on ZDP Properties 
 
     In this chapter, effects of base oil and other additives on the film-forming and friction 
properties of ZDPs and ZDDPs are described. For base oil, effects of viscosity and polarity 
were studied by using group III base oils with various viscosities and an ester base fluid. For 
other additives, influences of dispersants, detergents, and friction modifiers were studied. It is 
clear that most components affect the tribological properties of ZDPs and ZDDPs to some 
extent. 
 
 
8.1 Effects of Base Oil 
     The influence of base oil on the tribological properties of ZDPs was evaluated by using 
various types of base oils. Three group III base oils having different viscosities were 
employed to study the effect of viscosity, while a diester base oil was employed to study the 
effect of polarity. The details of these base oils are given in Chapter 4.  
 
8.1.1 Effect of Viscosity of Base Oil 
     ZDP-nC8 dissolved in PAO2 but was not soluble in polyalphaolefins with higher 
viscosity such as PAO4 and PAO6. However, ZDP-nC8 dissolved in group III base oils 
having higher viscosities (GrIII-1, GrIII-2, and GrIII-3). It is probable that the carbon rings 
or heavily branched chains present in group III base oils but not in PAO may promote the 
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solubility for ZDP-nC8. Therefore, the effect of viscosity on the film-forming properties of 
ZDP-nC8 was studied using the group III base oils. The kinematic viscosities of PAO2, 
GrIII-1, GrIII-2, and GrIII-3 are 1.7, 2.6, 4.0, and 6.5 cSt at 100 ºC respectively. The 
conditions of rubbing were: temperature 100 °C; load 31 N; mean speed 100 mm/s; SRR 50%. 
The theoretical lambda ratios at those conditions were 0.26 0.39, 0.51, and 0.72 for PAO2, 
GrIII-1, GrIII-2, and GrIII-3 respectively, which means that all of the rubbing tests were in 
the boundary/mixed lubrication regime. 
 
8.1.1.1 Film-forming Properties 
     Figure 8-1 shows growths of the mean film thickness with rubbing time for ZDP-nC8 in 
the various base oils. While there is no noticeable difference in the initial film-forming speed, 
the stabilized film thickness varies with viscosity; the stabilized film being thinner for higher 
viscosity. However the film thickness for PAO2 is not as thick as expected from its viscosity. 
Some impurities in the group III base oils might cause thicker film formation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
8.1.1.2 Friction Properties 
     Friction coefficient behaviour of the ZDP-nC8 films formed by 6 hours rubbing in the 
various base oils is shown in Figure 8-2. In the mixed lubrication region, the friction is lower 
as the viscosity is higher, because the Stribeck curve shifts to lower speed. In the boundary 
lubrication region, slight differences were measured in the friction. Except for PAO2, the 
boundary friction is slightly lower as the viscosity is higher. In addition, in all of the base oils, 
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Figure 8-1. The effects of group III base oils on the film-forming properties of 
ZDP-nC8. 
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ZDP-nC8 shows the positive variation of the boundary friction with mean speed reported in 
Chapter 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
8.1.2 Effects of Polarity of Base Oil 
     In order to evaluate the effect of polarity of base oils, neopentyl glycol di-2-ethylhexanoate 
(Ester-1, Figure 4-14) was employed. The polarity of this ester base oil is much higher than 
PAO2 because of the two ester groups. The viscosity of Ester-1 is 2.0 mm2/s at 100 ºC, 
which is a little higher than the viscosity of PAO2.  
 
8.1.2.1 Film-forming Properties 
     The growths of mean film thickness of ZDP-iC8 and ZDDP-iC8 in PAO2 and Ester-1 are 
shown in Figure 8-3. It is clear that the film-forming properties of both additives are retarded 
by the ester base oil. Significantly, the polarity of base oils affects the property of ZDP-iC8 
more strongly than that of ZDDP-iC8.  However, for both additives, there is no difference in 
thickness between the films formed in PAO2 and Ester-1 after 6 hours rubbing. 
     Figure 8-4 shows the film-forming properties of ZDP-nC8 and ZDDP-nC8 in PAO2 and 
Ester-1. The ester base oil strongly hinders the film forming of ZDP-nC8, with no thick 
tribo-film forming in Ester-1. In contrast, the film-forming property of ZDDP-nC8 is hardly 
affected by the polarity of base oils. It is clear that the film-forming property of ZDP-nC8 is 
more strongly affected by Ester-1 than that of ZDP-iC8.  
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Figure 8-2. Friction coefficient behaviour of the ZDP-nC8 films formed by 6 
hours rubbing in PAO2, GrIII-1, GrIII-2, and GrIII-3. 
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     Generally speaking, the ester oil affects the film-forming properties of ZDPs more than 
those of ZDDPs. This may result from the higher polarity of ZDPs than ZDDPs. The ester 
may interact more strongly with ZDPs than ZDDPs in the solutions, to retard the film forming 
of ZDPs more greatly. In addition, Naveira-Suarez et al. have studied the effect of polarity of 
base oil on ZDDP film-forming properties and shown that the film formation by ZDDP 
(primary C4) is strongly retarded by polar base oil, diethylene glycol diethylether [226, 227]. 
From our results, the film formation by ZDDPs is not greatly affected by the ester base oil, 
which is not consistent with their results. This inconsistence may result from the difference in 
rubbing condition, alkyl structure of ZDDP, and base oil. 
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Figure 8-3. Growths of the mean film thickness of (a) ZDP-iC8 and (b) ZDDP-
iC8 in PAO2 and Ester-1. 
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8.1.2.2 Friction Properties 
     The frictional behaviour of the films formed by ZDP-iC8 and ZDDP-iC8 in PAO2 and 
Ester-1 is shown in Figure 8-5. For the both additives, the boundary friction of the films 
formed in Ester-1 is higher than that of the films formed in PAO2, while they have similar 
friction in the mixed lubrication regime. 
     Figure 8-6 shows the friction properties of ZDP-nC8 and ZDDP-nC8 in the two base oils. 
For ZDP-nC8, the friction in Ester-1 is much lower than that in PAO2 both in the boundary 
lubrication and the mixed lubrication regions, since ZDP-nC8 hardly forms a tribo-film in 
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Figure 8-4. Growths of the mean film thickness of (a) ZDP-nC8 and (b) ZDDP-
nC8 in PAO2 and Ester-1. 
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(b) ZDDP-nC8 
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Ester-1. In addition, ZDP-nC8 shows the positive frictional behaviour to the mean speed in 
the boundary lubrication in Ester-1 as well as PAO2, although Ester-1 itself does not show 
this behaviour without additives (Figure 8-7). This indicates that ZDP-nC8 may form the 
adsorbed film on the metal substrate also in Ester-1. In contrast, ZDDP-nC8 in Ester-1 
shows similar friction properties to the other primary additives; the boundary friction in 
Ester-1 being higher than that in PAO2. Interestingly, ZDDP-nC8 also exhibits the positive 
variation of the boundary friction with mean speed in Ester-1, although the friction values are 
higher than those in PAO2. 
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Figure 8-5. Friction coefficient behaviour of the films formed by 6 hours rubbing 
with (a) ZDP-iC8 and (b) ZDDP-iC8 in PAO2 and Ester-1. 
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Figure 8-7. Friction coefficient behaviour of Ester-1 without any additives after 6 
hours rubbing. 
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8.2 Effects of Dispersants 
     Dispersants have been reported to affect the tribological properties of ZDDPs strongly, as 
stated in Chapter 2. In this section, the effects of dispersants on the film-forming and friction 
properties of ZDPs are shown and compared with their effects on ZDDPs. Two types of 
dispersants were employed here: non-borated and borated versions of bis-polyisobutenyl 
succinimide polyamine (Figure 4-10).  
  
8.2.1 Film-forming Properties 
     The film-forming properties of ZDPs and ZDDPs in the presence of the dispersants were 
evaluated using MTM-SLIM. The rubbing conditions were: temperature 100 and 120 °C; load 
31 N; mean speed 100 mm/s; SRR 50%. The concentration of ZDPs and ZDDPs 
corresponded to 0.08 wt% phosphorus, while the concentration of the dispersants 
corresponded to 0.10 wt% nitrogen. 
 
8.2.1.1 Non-borated Dispersant 
     Figure 8-8 shows the film-forming properties of ZDP-iC8 and ZDDP-iC8 in the presence 
and absence of the non-borated dispersant. ZDP-iC8 does not form a tribo-film in the 
presence of the non-borated dispersant. On the contrary, ZDDP-iC8 forms a thick tribo-film 
even in the presence of the dispersant, although the film formed in its presence is thinner than 
the film formed in its absence. In addition, for ZDDP-iC8 in the presence of the dispersant, 
the film thickness gradually decreases with rubbing time. 
     The film-forming properties of ZDP-nC8 and ZDDP-nC8 in the presence and absence of 
the non-borated dispersant are shown in Figure 8-9. ZDP-nC8 does not form a tribo-film in 
the presence of the dispersant, which is same behaviour as that of ZDP-iC8. In contrast, 
ZDDP-nC8, like ZDDP-iC8, forms a thick tribo-film also in the presence of the dispersant. 
However, the initial film-forming rate of ZDDP-nC8 is more greatly retarded by the 
dispersant than that of ZDDP-iC8. The stabilized film by ZDDP-nC8 in the presence of the 
dispersant is slightly thinner than the film formed in its absence. 
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Figure 8-8. Growths of mean film thickness of ZDP-iC8 and ZDDP-iC8 with 
rubbing in the presence or absence of the non-borated dispersant at 100 ºC. 
  174
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     Table 8-1 summarizes the film-forming abilities of ZDPs and ZDDPs in the presence of 
the non-borated dispersant at 100 and 120 ºC. None of the ZDPs studied here, i.e. ZDP-nC8, 
ZDP-nC6, ZDP-nC4, and ZDP-iC8 formed a tribo-film in the presence of the non-borated 
dispersant at 100 ºC or at 120 ºC, while all ZDDPs, i.e. ZDDP-nC8, ZDDP-nC4, ZDDP-iC8, 
and ZDDP-secC6 formed thick tribo-films at both temperatures. As can be seen, this trend is 
independent of the alkyl structure of ZDPs and ZDDPs. In some papers, the interaction 
between lone pairs of nitrogen of dispersants and zinc of ZDDPs has been suggested [168, 
173]. Also in our cases, this interaction is considered to be one of the most important factors 
for the film forming properties of ZDPs and ZDDPs in the presence of dispersants. The 
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Figure 8-9. Growths of mean film thickness of ZDP-nC8 and ZDDP-nC8 with 
rubbing in the presence or absence of the non-borated dispersant at 100 ºC. 
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electropositivity of zinc of ZDPs is higher than that of ZDDPs since the electronegativity of 
oxygen is higher than that of sulphur [215], which may cause the stronger interaction between 
ZDPs and the dispersants than between ZDDPs and the dispersants. As a result, ZDPs do not 
form reaction film in the presence of the non-borated dispersant, while ZDDPs form reaction 
film even in its presence. 
 
 
 
 
 
 
 
 
 
 
 
 
 
8.2.1.2 Borated Dispersant 
     The effect of the borated dispersant on the film-forming properties of ZDP-nC8 and 
ZDDP-nC8 was investigated. Figure 8-10 shows the growths of the mean film thickness of 
ZDP-nC8 and ZDDP-nC8 with/without the borated dispersant at 100 °C. The film-forming 
properties of ZDP-nC8 and ZDDP-nC8 in the presence of the non-borated dispersant are also 
shown. ZDP-nC8 forms a tribo-film in the presence of the borated dispersant, although it 
does not form a film in the presence of the non-borated dispersant. The initial film-forming 
rate is hardly affected by the borated dispersant, while the ZDP-nC8 film formed with the 
borated dispersant is thinner than the film formed without the dispersant. ZDDP-nC8 also 
forms a tribo-film in the presence of the borated dispersant. The initial film-forming rate is 
not greatly affected by the borated dispersant, although the film forming is largely retarded by 
the non-borated dispersant. However, the ZDDP-nC8 film formed with the borated dispersant 
is significantly thinner than the film formed in the presence of the non-borated dispersant as 
well as the film formed without the dispersants. Boric acids might interfere with the film 
growth of ZDDPs. 
 
100 °C 120 °C
ZDP-nC8 n-octyl N N
ZDP-nC6 n-hexyl N N
ZDP-nC4 n-butyl N N
ZDP-iC8 2-ethylhexyl N N
ZDDP-nC8 n-octyl Y Y
ZDDP-nC4 n-butyl Y Y
ZDDP-iC8 2-ethylhexyl Y Y
ZDDP-secC6 1,3-dimethylbutyl Y Y
with non-Borated Dispersant
ZDP
ZDDP
Alkyl Type
Table 8-1. Film-forming properties of ZDPs and ZDDPs in the presence of the 
non-borated dispersant.  
(Y: A thick tribo-films is formed in the presence of the dispersant.)  
(N: No thick tribo-film is formed in the presence of the dispersant.) 
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     It should be noticed here that the borated dispersant itself, in the absence of any antiwear 
additives, forms a thick tribo-film, although the film is not uniform (Figure 8-11). The film 
formed by the borated dispersant may be comprised of boron oxides because the non-borated 
dispersant does not form a tribo-film. Therefore, elemental analyses of the tribo-films formed 
by ZDP-nC8 and ZDDP-nC8 in the presence of the borated dispersant were carried out to 
clarify whether the films originate from the antiwear additives or from the borated dispersant 
or from the both. Figure 8-12 shows elemental profiles, which were measured by XPS, of the 
films formed by ZDP-nC8 and ZDDP-nC8 in the presence of the borated dispersant. 
Elements originated from the antiwear additives (phosphorus, zinc, (sulphur)) as well as those 
from the borated dispersant (boron, nitrogen) were detected in the both films. In addition, the 
obvious layer structures do not appears to comprise the films because the depth profiles of the 
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Figure 8-10. Growths of mean film thickness of ZDP-nC8 and ZDDP-nC8 with 
rubbing in the presence or absence of the dispersants at 100 ºC. 
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all elements are similar. This indicates that the films by ZDP-nC8 and ZDDP-nC8 in the 
presence of the borated dispersant are comprised of the mixed compounds originated from 
both of the antiwear additives and the borated dispersant, not from the antiwear additives 
alone nor from the borated dispersant alone. The details of the film compounds should be 
investigated in future work. 
     From this result, it can be suggested that the interaction between ZDPs and the borated 
dispersant is weaker than that between ZDPs and the non-borated dispersant, which results in 
the difference between the film-forming property of ZDP-nC8 in the presence of the non-
borated dispersant and that in the presence of the borated dispersant. A study of the 
interaction between the antiwear additives and the dispersants will be discussed in the next 
section. 
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Figure 8-11. Growths of mean tribo-film thickness for the borated dispersant with 
rubbing in the absence of any antiwear additives at 100 °C. 
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8.2.2 Interaction with Dispersants 
     The effects of the dispersants on the film-forming properties of ZDPs and ZDDPs were 
evaluated by MTM-SLIM as shown above. In short, in the presence of the non-borated 
dispersant, ZDPs do not form a tribo-film, although ZDDPs form films. In the presence of the 
borated dispersant, ZDP and ZDDP both form tribo-films. These differences in the film-
forming properties may result from differences in strength of the interactions between the 
antiwear additives and dispersants. Therefore, the interactions were investigated by TGA and 
IR spectroscopic analysis [173, 175, 177, 178, 180]. 
 
8.2.2.1 TGA  
     Figure 8-13 shows TGA thermograms for each individual, neat additive, ZDP-nC8, 
ZDDP-nC8, the non-borated dispersant, and the borated dispersant. It is clear that ZDP-nC8 
is more thermally-stable than ZDDP-nC8. This may be one of the reasons for the slower film-
forming rate of ZDP-nC8 than ZDDP-nC8. For the dispersants, the non-borated one is 
slightly more thermally-stable than the borated one. Figure 8-14 shows TGA thermograms for 
complexes of ZDP-nC8 or ZDDP-nC8 with the non-borated dispersant. Red lines are for 
measured values. Black lines are for values calculated from measured values for each additive 
shown in Figure 8-13; these black lines represent estimated values assuming that there is no 
interaction between the antiwear additives and the dispersants. Therefore, bigger differences 
between the measured and calculated values mean stronger interactions between the two 
additives. In Figure 8-14, it can be seen that there is some difference between the measured 
value and calculated value in both graphs, which means that both ZDP-nC8 and ZDDP-nC8 
interact with the non-borated dispersant. Also, the interaction between ZDP-nC8 and the non-
borated dispersant appears to be slightly stronger than that between ZDDP-nC8 and the 
dispersant. Figure 8-15 shows TGA thermograms for complexes of ZDP-nC8 or ZDDP-nC8 
with the borated dispersant. There does not appear to be any interaction between the antiwear 
additives and the borated dispersant. This may be because lone pairs on the nitrogen of amine 
groups, which have been suggested to interact with zinc of ZDPs and ZDDPs [176-178, 180], 
are neutralized by boric acid. 
     In short, these results indicate that the non-borated dispersant interacts with the both 
antiwear additives, while the borated dispersant does not significantly interact with either of 
them. It is also indicated that the non-borated dispersant may interact slightly more strongly 
with ZDP-nC8 than with ZDDP-nC8. 
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Figure 8-13. TGA thermograms of each individual additive, ZDP-nC8, ZDDP-
nC8, non-borated dispersant and borated dispersant. 
Figure 8-14. TGA thermograms of ZDP-nC8 (left) and (ii) ZDDP-nC8 (right) in 
the presence of the non-borated dispersant. Red lines for measured values; black 
lines for calculated values. 
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Figure 8-15. TGA thermograms of ZDP-nC8 (left) and ZDDP-nC8 (right) in the 
presence of the borated dispersant. Red lines for measured values; black lines for 
calculated values. 
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8.2.2.2 IR 
     IR spectra of ZDP-nC8 and ZDDP-nC8 are shown in Figure 8-16. The characteristic 
peaks of ZDDP-nC8 are 554 cm-1 (PS2 symmetric stretch or P-S stretch), 664 cm-1 (PS2 anti-
symmetric stretch or P=S stretch), and 995 cm-1 (P-O(-C) stretch) [177-179, 228]. The 
characteristic peaks of ZDP-nC8 are a broad band (950-1150 cm-1) and a strong peak (1188 
cm-1). The broad band is estimated to be due to P-O(-C) and (P-)O-C stretching vibration, 
while the strong peak is believed to be due to P=O or P-O(-Zn) stretching vibration [229-232]. 
Figure 8-17 shows IR spectra of the non-borated and borated dispersants. These two spectra 
are almost the same, but a peak shoulder around 1300 cm-1, which may correspond to B-O 
stretching vibration [233, 234], is observed in the spectra of the borated dispersant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     Figure 8-18 shows IR spectra of the complexes of ZDDP-nC8 and the dispersants along 
with the spectrum of ZDDP-nC8 alone. It is observed that the peak for PS2 anti-symmetric 
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Figure 8-16. IR spectra of ZDP-nC8 and ZDDP-nC8. 
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Figure 8-17. IR spectra of the non-borated and borated dispersants. 
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stretch or P=S stretch (664 cm-1) is shifted to higher wavenumber by complexation with the 
dispersants: 671 cm-1 (with the non-borated dispersant) and 668 cm-1 (with the borated 
dispersant) (Figure 8-19).  These shifts indicate that there are some interactions between 
ZDDP-nC8 and the dispersants. Similar shifts have been reported for complexes of ZDDPs 
and amines [176-178]. In addition, the shift for the complex with the non-borated dispersant is 
larger than that for the complex with the borated dispersant. This may show that the 
interaction between ZDDP-nC8 and the non-borated dispersant is stronger than between 
ZDDP-nC8 and the borated dispersant. On the contrary, no peak shift is observed for the 
peak (995 cm-1) corresponding to the P-O(-C) bond. These result may indicate that dispersants 
interact with zinc to affect the P=S or PS2 bond indirectly, not the P-O(-C) bond, the latter 
being far from the interaction position. 
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Figure 8-18. IR spectra of ZDDP-nC8 and the complexes of ZDDP-nC8 with 
each dispersant. 
Figure 8-19. IR spectra (600-700 cm-1 region) of ZDDP-nC8 and the complexes 
of ZDDP-nC8 with each dispersant. 
0
20
40
60
80
100
600620640660680700
Wavenumber, cm-1
%
T
ZDDP-nC8 +
Disp(nonB)
ZDDP-nC8 +
Disp(B)
ZDDP-nC8
668 cm-1 
671 cm-1 
664 cm-1 
  183
     IR spectra of the complex of ZDP-nC8 with the dispersants are shown in Figure 8-20. The 
intensity of the peak for P=O or P-O(-Zn) bonds (1188 cm-1) almost disappears due to the 
complexation with the non-borated dispersant, which indicates that the non-borated dispersant 
may strongly interact with ZDP-nC8. In contrast, the peak remains without significant 
decrease in intensity for the complex with the borated dispersant. It is inferred from this that 
the borated dispersant has little or no interaction with ZDP-nC8. Moreover, the peak around 
1110 cm-1 remains for the complex with the borated dispersant, while the peak disappears for 
the complex with the non-borated dispersant. The peak around 1080 cm-1 remains for both of 
the complexes. It is not clear what chemical bonds assign to these two peaks. However, it may 
be estimated that the peak around 1110 cm-1 corresponds to P=O or P-O(-Zn) bonds and the 
peak around 1080 cm-1 to P-O(-C) or (P-)O-C bonds.  
     To sum up the IR results briefly, the analysis shows: (i) ZDDP-nC8 interacts with both 
types of dispersant, (ii) the interaction between ZDDP-nC8 and the non-borated dispersant is 
stronger than between ZDDP-nC8 and the borated dispersant, and (iii) ZDP-nC8 clearly 
interacts with the non-borated dispersant, while there appears to be no or very week 
interaction between ZDP-nC8 and the borated dispersant. These results obtained from IR 
analyses are consistent with the above TGA results to some extent. Moreover, the both results 
could support the observed film-forming properties of ZDPs and ZDDPs in the presence of 
the dispersants. 
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Figure 8-20. IR spectra of ZDP-nC8 and the complexes of ZDP-nC8 and the 
dispersants. 
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8.2.3 Friction Properties 
     The friction properties of the ZDP and ZDDP films formed in the presence of the non-
borated and borated dispersants were studied. In this section, the friction properties of the 
films after the 6 hours MTM rubbing tests are compared. 
 
8.2.3.1 Non-borated Dispersant 
     Figure 8-21 shows the friction coefficient behaviour of the films formed by ZDP-iC8 and 
ZDDP-iC8 in the presence of the non-borated dispersant at 100 °C. For ZDP-iC8, the friction 
in the presence of the dispersant is much lower than that in its absence because ZDP-iC8 does 
not form a thick tribo-film in its presence. For ZDDP-iC8, the boundary friction increases 
when the non-borated dispersant is present, while the friction in the mixed lubrication region 
decreases with the dispersant. The higher boundary friction in the presence of the dispersant 
compared to that in its absence may be caused by an adsorbed film formed by the dispersant 
on the surface of the reaction film. The highly branched isobutyl-based carbon chain of the 
dispersant is unlikely to form a close-packed film. The lower mixed friction in the presence of 
the dispersant is considered to result from a shift of the Stribeck curve to lower speed. This is 
likely to be because the film formed with the dispersant is thinner than the film formed 
without the dispersant. 
     The friction properties of ZDP-nC8 and ZDDP-nC8 in the presence of the non-borated 
dispersant are shown in Figure 8-22. The combination of ZDP-nC8 and non-borated 
dispersant shows much lower mixed friction than without dispersant, probably because ZDP-
nC8 hardly forms a tribo film in the presence of this dispersant. In addition, ZDDP-nC8 
exhibits similar friction behaviour to ZDDP-iC8 in the presence of the non-borated dispersant. 
The boundary friction is higher and the friction in the mixed lubrication region is lower when 
dispersant is added. Also for ZDDP-nC8, the same mechanism as suggested above is likely to 
be true. The non-borated dispersant may form an adsorbed film on the surface of the tribo-
film formed by ZDDP-nC8 to increase the boundary friction. Also, the Stribeck curve shifts 
to lower mean speed, which results in the lower friction in the mixed lubrication region. 
Moreover, in the boundary lubrication, the positive variation of the friction to the mean speed, 
which is shown for the film formed by ZDDP-nC8 alone, was not measured in the presence 
of the dispersant. This may support the hypothesis that the dispersant forms an adsorbed film 
on the reaction film. 
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Figure 8-21. The friction coefficient behaviour of the films formed by 6 hours 
rubbing with ZDP-iC8 and ZDDP-iC8 in the presence and absence of the non-
borated dispersant at 100 °C. 
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8.2.3.2 Borated Dispersant 
     The friction coefficient behaviour of the films formed by 6 hours rubbing with ZDP-nC8 
in the presence and absence of the borated dispersant at 100 °C is shown in Figure 8-23. The 
boundary friction of the ZDP-nC8 film formed in the presence of the borated dispersant is 
higher than that of the film formed in its absence. Also the film formed in the presence of the 
borated dispersant does not show the positive variation of the boundary friction with mean 
speed, as is shown for the film formed with ZDP-nC8 alone. These properties of the 
boundary friction behaviour may be caused by an adsorbed film formed by the dispersant on 
(a) ZDP-nC8 
(b) ZDDP-nC8 
Figure 8-22. The friction coefficient behaviour of the films formed by 6 hours 
rubbing with ZDP-nC8 and ZDDP-nC8 in the presence and absence of the non-
borated dispersant at 100 °C. 
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the surface of the reaction film. This hypothesis is supported by the finding that the boundary 
friction of the film formed by the combination of ZDP-nC8 and borated dispersant is almost 
same as that of the film formed by the dispersant alone (Figure 8-24). In the mixed lubrication 
region, the friction of the film formed in the presence of the borated dispersant is lower than 
the film formed without the dispersant. This is considered to be because the film formed with 
the dispersant is thinner than the film formed without the dispersant. 
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Figure 8-24. Friction coefficient behaviour of the films formed by 6 hours rubbing 
with the borated dispersant alone and with ZDP-nC8 and the dispersant at 
100 °C.  
Figure 8-23. The friction coefficient behaviour of the films formed by 6 hours 
rubbing with ZDP-nC8 in the presence and absence of the borated dispersant at 
100 °C. 
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     Figure 8-25 shows the friction properties of the ZDDP-nC8 film formed in the presence 
and absence of the borated dispersant. The boundary friction of the ZDDP-nC8 film formed 
in the presence of the borated dispersant is higher than that of the film formed by ZDDP-nC8 
alone, while the friction in the mixed lubrication regime of the film formed in the presence of 
the dispersant is lower than that in its absence. This trend is the same as that for ZDP-nC8. 
Moreover, this is similar to the properties shown in the presence of the non-borated dispersant. 
There is no noticeable difference between the effects of the borated dispersant and the non-
borated dispersant on the friction property of ZDDP-nC8. 
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Figure 8-25. The friction coefficient behaviour of the films formed by 6 hours 
rubbing with ZDDP-nC8 in the presence and absence of the borated dispersant at 
100 °C. 
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8.3 Effects of Detergents 
     In this section, the effects of the neutral and overbased detergents on the film-forming and 
friction properties of ZDP-nC8 and ZDDP-nC8 as evaluated by MTM-SLIM are shown. 
Four types of detergents were employed in this evaluation; overbased calcium sulphonate, 
neutral calcium sulphonate, overbased calcium salicylate and neutral calcium salicylate. The 
concentration of ZDP-nC8 and ZDDP-nC8 corresponded to 0.08 wt% phosphorus. The 
concentrations of the neutral and overbased detergents corresponded to 0.04 and 0.22 wt% 
calcium respectively, so that the concentrations of the soap molecules of the detergents are 
approximately the same. 
 
8.3.1 Film-forming Properties 
     Figure 8-26 shows growths of the mean film thickness of the detergents without any 
antiwear additives. (It should be noticed that SLIM is calibrated for measurement of 
polyphosphate films, which means the thickness of the films formed by the detergents 
possibly has some error.) Clearly, the neutral calcium detergents as well as the overbased 
calcium detergents themselves form tribo-films. However, the initial film-forming rates of the 
neutral detergents are slower than those of the overbased ones. Also the films formed by the 
neutral detergents are thinner than the films formed by the overbased ones. These trends are 
more noticeable for the sulphonate detergents than for the salicylate detergents. These 
differences in the film-forming properties between the neutral and overbased detergents may 
be caused simply by the difference in the concentration of calcium carbonate. In addition, the 
films formed by the sulphonate detergents are thicker than the films formed by the salicylate 
detergents. This may result from the difference in the stability of their micelle structures due 
to the interaction between the soap molecules and the calcium carbonate core. The better film-
forming properties of the sulphonate than salicylate detergents may indicate the lower 
stability of the sulphonate detergent than the salicylate detergent. 
     The formation of tribo-films by overbased detergents alone has been reported in some 
papers, although the author believes that there have been no previous reports about formation 
of tribo-films by neutral detergents. Topolovec-Miklozic et al. reported that overbased 
calcium sulphonate detergents form patchy films shown in AFM images [77]. Some XPS 
studies of tribo-films formed by the detergents have indicated that overbased calcium 
detergents such as sulphonate, salicylate, and phenate form tribo-films containing calcium by 
rubbing [78, 79]. Moreover, the tribo-films formed by these detergents have been suggested to 
be composed mainly of calcite, which is crystallized from the amorphous calcium carbonate 
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core of the detergents, and characterised by PM-IRRAS (Infrared Reflection Absorption 
Spectroscopy by Fourier Transform and Polarisation Modulation) [80] and EELS (Electron 
Energy Loss Spectroscopy) measurements of TEM [81]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     Figure 8-27 shows the growths of the mean film thickness of ZDP-nC8 and ZDDP-nC8 in 
the presence and absence of the sulphonate detergents at 100 °C. Generally, there is no 
significant difference between ZDP-nC8 and ZDDP-nC8 in terms of the influence of the 
sulphonate detergents on their film-forming properties. The film-forming properties, 
especially the stabilized film thickness, of ZDP-nC8 and ZDDP-nC8 are affected by both of 
the neutral and overbased sulphonate detergents; the stabilized films formed in the presence 
of the sulphonate detergents being thinner than the film formed without the detergents. In 
addition, the neutral detergent affects the film-forming properties of ZDP-nC8 and ZDDP-
nC8 more strongly than the overbased detergent, which may be because the soap molecule of 
the neutral detergent can interact with the antiwear additives more easily than the soap 
molecule of the overbased one due to lack of calcium carbonate core. From these result, it is 
also indicated that the soap molecule, rather than calcium carbonate, may mainly affect the 
film-forming properties of ZDP-nC8 and ZDDP-nC8. 
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Figure 8-26. Growths of mean tribo-film thickness of the detergents with rubbing 
in the absence of any antiwear additives at 100 °C. 
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     The growths of the mean film thickness of ZDP-nC8 and ZDDP-nC8 in the presence and 
absence of the salicylate detergents at 100 °C are shown in Figure 8-28. The effect of the 
salicylate detergents on the film-forming property of ZDP-nC8 is different from the effect of 
the detergents on the property of ZDDP-nC8. For ZDP-nC8, the film formed in the presence 
of the overbased salicylate is thinner than the film formed without the detergents, although the 
initial film-forming rate is hardly affected. By contrast, the film formed with the neutral 
salicylate is thicker than the film formed without the detergents, although the initial film-
forming rate in the presence of the neutral detergent is lower than that in its absence. For 
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Figure 8-27. Growths of mean tribo-film thickness of ZDP-nC8 and ZDDP-nC8 
with rubbing in the absence or presence of the calcium sulphonate detergents at 
100 °C. 
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ZDDP-nC8, the overbased salicylate hardly affects both of the initial film-forming rate and 
the stabilized film thickness. In contrast, the neutral salicylate strongly retards the film 
forming of ZDDP-nC8, although the stabilized film thickness is independent of the presence 
of the neutral salicylate. The soap molecule of the neutral salicylate may more strongly 
interact with ZDDP-nC8 than that of the overbased one to retard the film formation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     Generally, from these results, it seems that the sulphonate detergents are more influential 
to the film-forming properties of the antiwear additives than the salicylate detergents. This 
may be due to the difference in the stabilization of the micellar structure of the detergents. In 
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Figure 8-28. Growths of mean tribo-film thickness of ZDP-nC8 and ZDDP-nC8 
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addition, for both of the sulphonate and salicylate detergents, the neutral detergents more 
strongly hinder the film-forming of ZDP-nC8 and ZDDP-nC8 than the overbased detergents. 
This indicates that the soap molecule rather than the calcium carbonate core affects the 
properties of the antiwear additives. The soap molecules of the neutral detergents more easily 
interact with the antiwear additives compared to those of the overbased ones due to lack of the 
calcium carbonate core. Moreover, there is no significant difference between ZDP-nC8 and 
ZDDP-nC8 in the effects of the sulphonate detergents on their film-forming properties, 
although some differences were measured for the salicylate detergents. 
 
 
8.3.2 Friction Properties 
     The friction coefficient behaviour of the films formed by 6 hours rubbing with the calcium 
detergents without the antiwear additives at 100 °C is shown in Figure 8-29. For the 
sulphonate detergents, there is no noticeable difference in the friction behaviour between the 
neutral and overbased detergents. Interestingly, the both sulphonate detergents show the 
positive variation of the boundary friction with mean speed. This is likely to be caused by the 
oiliness function of the soap molecules. Similar behaviour was reported by Topolovec-
Miklozic et al. [77]. In addition the slope of the boundary friction/mean speed curve for the 
neutral detergent is greater than that for the overbased one, which indicates that the soap 
molecules of the neutral detergent function more effectively in the absence of the calcium 
carbonate core. 
     For the salicylate detergents, there is no difference between the neutral and overbased ones 
in the boundary friction, which is the same as the sulphonate detergents. This indicates that 
the boundary friction is controlled by the soap molecules rather than calcium carbonate. Also, 
in the boundary lubrication region, a positive variation of the friction with mean speed is seen, 
which means that the soap molecules of the salicylate detergents as well as the sulphonate 
detergents may function as oiliness additives. In addition, the overbased detergent shows 
higher friction than the neutral detergent in the mixed lubrication region, which may result 
from the difference in their film thickness. Moreover, for both of the overbased and neutral 
detergents, the friction of the salicylate films is lower than that of the sulphonate films. This 
may be caused by the thinner film of the salicylate detergents than the sulphonate detergents. 
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     The friction coefficient behaviour of the films formed by 6 hours rubbing with ZDP-nC8 
and ZDDP-nC8 in the presence and absence of the calcium sulphonate detergents at 100 °C is 
shown in Figure 8-30. For ZDP-nC8, both in the boundary lubrication and the mixed 
lubrication regions, the friction of the films formed in the presence of the sulphonate 
detergents is much lower than that of the film formed in the absence of the detergents. In 
addition, the ZDP-nC8 film formed with the neutral detergent shows lower friction in the 
both lubrication regions than the film formed with the overbased detergent. This order of the 
friction coefficient is the same as the order of the stabilized film thickness (Figure 8-27a); the 
friction being higher for the thicker film. Moreover, even in the presence of the sulphonate 
detergents, ZDP-nC8 shows the positive variation of the boundary friction with the mean 
speed, which indicates the formation of an adsorbed film functioning like an oiliness additive. 
However, it is not clear whether the adsorbed film originates from ZDP-nC8 or the 
sulphonate detergents or the both, since both of them show this boundary friction behaviour 
by itself. 
     Figure 8-30b shows the friction properties of the ZDDP-nC8 films formed by 6 hours 
rubbing with/without the overbased sulphonate detergent. (For ZDDP-nC8 with the neutral 
sulphonate detergent, it is impossible to evaluate the friction property because severe wear 
occurs.) As for ZDP-nC8, the friction of the film formed in the presence of the detergent is 
lower than that in its absence both in the mixed and the boundary lubrication regions. This 
may also be caused by the ZDDP-nC8 film formed in the presence of the detergent is thinner 
than the film formed in its absence (Figure 8-27b). 
Figure 8-29. Friction coefficient behaviour of the films formed by 6 hours 
rubbing with the detergents without the antiwear additives at 100 °C.  
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     Figure 8-31 shows the friction coefficient behaviour of the films formed by 6 hours 
rubbing with ZDP-nC8 and ZDDP-nC8 in the presence and absence of the calcium salicylate 
detergents at 100 °C. For ZDP-nC8, the film formed in the presence of the overbased 
detergent shows lower friction than the film formed without the detergents in the mixed and 
boundary lubrication, which is also likely to be caused by the thinner film formed in the 
presence of the overbased salicylate than the film formed in its absence. In contrast, the 
neutral detergent does not affect the friction property of ZDP-nC8, although the stabilized 
film thickness increases by the neutral salicylate detergent. In addition, the positive variation 
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Figure 8-30. Friction coefficient behaviour of the films formed by 6 hours 
rubbing with ZDP-nC8 and ZDDP-nC8 in the presence and absence of the 
calcium sulphonate detergents at 100 °C.  
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of the boundary friction with the mean speed is exhibited in the presence of the salicylate 
detergents. 
     For ZDDP-nC8, both of the overbased and neutral salicylate detergents do not influence 
the friction property of ZDDP-nC8. This may be because there is no difference in the 
stabilized film thickness between the film formed in the presence and absence of the salicylate 
detergents. Also, even in the presence of the salicylate detergents, ZDDP-nC8 shows the 
positive variation of the boundary friction with the mean speed. An adsorbed film originated 
from ZDDP-nC8 and/or the salicylate detergents may be formed on the surface of the tribo-
films. 
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Figure 8-31. Friction coefficient behaviour of the films formed by 6 hours rubbing 
with ZDP-nC8 and ZDDP-nC8 in the presence and absence of the calcium 
salicylate dispersants at 100 °C.  
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8.4 Effects of Friction Modifiers 
     The effects of friction modifiers on the film-forming and friction properties of ZDPs and 
ZDDPs were investigated. Molybdenum dithiocarbamate (MoDTC), which is currently 
commonly used in crankcase lubricants, and oleylurea were employed as friction modifiers. 
 
8.4.1 Effects of MoDTC 
     The effect of MoDTC on the tribological properties of ZDP-iC8, ZDP-nC8, and the 
corresponding ZDDPs was investigated using MTM-SLIM. The rubbing conditions were: 
temperature 100 °C; load 31 N; mean speed 100 mm/s; SRR 50%. The concentration of ZDPs 
and ZDDPs corresponded to 0.08 wt% phosphorus, while the concentration of MoDTC 
corresponded to 0.05 wt% molybdenum.  
 
8.4.1.1 Film-forming Properties 
     Film-forming properties of ZDP-iC8, ZDP-nC8, ZDDP-iC8, and ZDDP-nC8 in the 
presence of MoDTC are described in this section. Figure 8-32 shows the film-forming 
property of MoDTC in the absence of the antiwear additives. No thick tribo-film was 
measured by MTM-SLIM even after 6 hours rubbing, although a very thin film may form. 
This is consistent with previous work [191]. 
     Figure 8-33 shows the effect of MoDTC on the film-forming behaviour of ZDP-iC8 and 
ZDDP-iC8. Both additives form thick tribo-films in the presence of MoDTC, but there are 
some differences. For ZDP-iC8, the initial film-forming rate increases when MoDTC is 
present and the stabilized film thickness slightly decreases. The sulphur in MoDTC might 
promote the film forming of ZDP-iC8 to result in the increase of the initial film-forming rate. 
For ZDDP-iC8, the initial film-forming rate is not significantly affected by MoDTC. This is 
not consistent with previous studies on the effect of MoDTC on the film-forming properties of 
ZDDPs, where the film forming of ZDDPs was retarded by MoDTC [190, 191]. The film 
formed by ZDDP-iC8 in the presence of MoDTC is thinner than that in its absence, which is 
consistent with the studies by Morina et al. [192, 193].  
     Figure 8-34 shows the film-forming properties of ZDP-nC8 and ZDDP-nC8 in the 
presence of MoDTC. A similar trend to that for ZDP-iC8 and ZDDP-iC8 was measured in 
their film-forming properties. For ZDP-nC8, the initial film-forming rate increases with 
MoDTC, while the stabilized film thickness slightly decreases with MoDTC. For ZDDP-nC8, 
the initial film-forming rate is hardly influenced by MoDTC, while the film formed in the 
presence of MoDTC is slightly thinner than the film formed in its absence. 
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Figure 8-33. Growths of mean tribo-film thickness of (a) ZDP-iC8 and (b) 
ZDDP-iC8 with/without MoDTC in PAO2. 
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Figure 8-32. Film-forming property of MoDTC alone studied MTM-SLIM. 
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8.4.1.2 Friction Properties 
     Friction properties of ZDPs and ZDDPs in the presence of MoDTC are shown in this 
section. Figure 8-35 shows the friction behaviour of MoDTC without ZDPs and ZDDPs. Even 
before rubbing, MoDTC functions as a friction modifier to show the low boundary friction 
about 0.05, although no thick tribo-film was measured. This boundary friction value is similar 
to the values measured in previous studies [192, 195], which indicates that MoDTC forms an 
MoS2 film. This friction-reducing effect of MoDTC is unchanged after 6 hours MTM rubbing. 
 
 
Figure 8-34. Growths of mean tribo-film thickness of (a) ZDP-nC8 and (b) 
ZDDP-nC8 with/without MoDTC in PAO2. 
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     The effect of MoDTC on the friction properties of ZDP-iC8 and ZDDP-iC8 is shown in 
Figure 8-36. It is clear that MoDTC greatly reduces the friction of both ZDP-iC8 and ZDDP-
iC8. MoS2 layers may form on the reaction films formed by ZDP-iC8 as well as ZDDP-iC8. 
Importantly, this indicates that the external sulphur source from ZDDPs is not compulsory for 
the formation of MoS2 film. In addition, the synergistic and antagonistic effects of the 
antiwear additives on the friction property of MoDTC, which were reported in some papers 
[140, 190, 192-196], were not measured here. The boundary friction coefficient in the 
presence of ZDP-iC8 and ZDDP-iC8 is approximately 0.05, which is the same as the friction 
for MoDTC alone. 
     Figure 8-37 shows the friction properties of the films formed by ZDP-nC8 and ZDDP-
nC8 in the presence and absence of MoDTC after 6 hours MTM rubbing. Similarly, MoDTC 
functions to reduce friction of both ZDP-nC8 and ZDDP-nC8 greatly. The boundary friction 
coefficient is about 0.05, which is also the same as the friction for MoDTC alone. This 
suggests that MoS2 films form on the reaction films formed by ZDP-nC8 and ZDDP-nC8. 
Moreover, interestingly, the positive variation of the boundary friction with mean speed, 
which is measured for ZDP-nC8 and ZDDP-nC8 alone, is not shown in the presence of 
MoDTC. This indicates that the MoS2 film by MoDTC rather than the adsorbed film by the 
antiwear additives may form on the surface of the tribo films.  
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Figure 8-35. Friction coefficient behaviour of MoDTC before and after 6 hours 
rubbing. 
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Figure 8-36. Friction coefficient behaviour of the films formed by 6 hours rubbing 
with (a) ZDP-iC8 and (b) ZDDP-iC8 in the presence and absence of MoDTC. 
(a) ZDP-iC8 
(b) ZDDP-iC8 
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     Figure 8-38 compares the friction properties of ZDPs and ZDDPs in the presence of 
MoDTC. No significant difference can be found in the boundary friction between these 
additives. Neither alkyl structure nor sulphur of the additive molecules affects the boundary 
friction in the presence of MoDTC. This means that MoS2 films may form on the surface of 
the tribo-films to control the boundary friction properties. However, there are some 
differences in the friction at the intermediate speed. The friction for ZDPs is lower than that 
for ZDDPs in the mixed lubrication region. Also, the friction of MoDTC alone shows lower 
friction in the mixed lubrication region compared to that in the presence of ZDPs and ZDDPs. 
One possible reason for the lower friction for ZDPs than that for ZDDPs is that the films by 
Figure 8-37. Friction coefficient behaviour of the films formed by 6 hours rubbing 
with (a) ZDP-nC8 and (b) ZDDP-nC8 in the presence and absence of MoDTC. 
(a) ZDP-nC8 
(b) ZDDP-nC8 
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ZDPs are thinner than the films by ZDDPs.  It is also possible that the films formed by ZDPs 
may be smoother than the films formed by ZDDPs in the presence of MoDTC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
     The variation of boundary friction with rubbing time for ZDPs and ZDDPs in the presence 
of MoDTC was investigated. Figure 8-39 shows the dependence of friction with rubbing time 
at a mean speed of 10 mm/s. Some differences between ZDPs and ZDDPs were measured in 
the transition of the boundary friction. For both ZDPs, MoDTC does not appear to reduce the 
boundary friction in the initial stage, although MoDTC itself, without any other additives, 
reduces the boundary friction from the start. This indicates that the formation of the 
polyphosphates films by ZDPs is more competitive than the MoS2 formation by MoDTC. 
Moreover, sulphur of MoDTC might be used mainly for forming the reaction films by ZDPs 
rather than for forming MoS2 films at the initial stage, which may support the improved initial 
film-forming rates of ZDPs in the presence of MoDTC. This indicates that the reaction films 
formed by ZDPs in the presence of MoDTC may be different from the films formed in its 
absence in terms of sulphur content. After the initial stage of rubbing, the boundary friction 
rapidly decreases from more than 0.10 to 0.04-0.05. MoDTC may start the formation of MoS2 
after the initial stage to result in this rapid reduction of boundary friction. 
     In contrast, for both ZDDPs, the boundary friction is low from the beginning. The 
formation of MoS2 by MoDTC may be more competitive than the tribo-film formation of 
ZDDPs. Alternatively, MoS2 film may be formed on the tribo-films formed by ZDDPs soon 
after the tribo-film formation. However, the boundary friction gradually increases with 
rubbing time; this increase being more remarkable for ZDDP-nC8. This friction-increasing 
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Figure 8-38. Friction coefficient behaviour of the films formed by 6 hours rubbing 
with ZDPs and ZDDPs in the presence of MoDTC. 
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behaviour was also measured in a previous study [191]. MoS2 films may be partly removed 
during the film-growing process of ZDDPs. After the film growth is stabilized, MoS2 layer 
may cover the surface of the tribo-films to decrease the boundary friction again.   
 
 
 
 
 
 
 
 
 
 
 
 
 
8.4.2 Effects of Oleylurea 
     The effect of oleylurea on the film-forming and friction properties of the primary ZDPs 
and ZDDPs was studied using MTM-SLIM. The MTM rubbing conditions were the same as 
above for the MoDTC tests. The concentration of ZDPs and ZDDPs corresponded to 0.08 
wt% phosphorus, while the concentration of oleylurea was 0.05 wt%. 
 
8.4.2.1 Film-forming Properties 
     Figure 8-40 shows the film-forming properties of oleylurea without any antiwear additives. 
No thick tribo-film was observed for oleylurea alone, although a very thin adsorbed film may 
form on the metal surface. Figure 8-41 shows the film-forming behaviour of ZDP-iC8 and 
ZDDP-iC8 with/without oleylurea. The film formation of ZDP-iC8 is strongly hindered by 
the presence of oleylurea. In the presence of oleylurea, the film-forming rate is much slower 
and the formed film is much thinner than those in its absence. Also for ZDDP-iC8, the film-
forming ability is hindered by oleylurea. The film-forming rate is much slower and the film 
thickness after the 6 hours rubbing is much thinner in the presence of oleylurea than in the 
absence of oleylurea. ZDDP-iC8 with oleylurea forms a thicker film than ZDP-iC8 with 
oleylurea. 
 
Figure 8-39. Transition of the boundary friction with rubbing time for ZDPs and 
ZDDPs in the presence of MoDTC. 
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Figure 8-40. Growth of mean tribo-film thickness of oleylurea in PAO2. 
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Figure 8-41. Growths of mean tribo-film thickness of (a) ZDP-iC8 and (b) 
ZDDP-iC8 with/without oleylurea in PAO2. 
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     The film-forming properties of ZDP-nC8 and ZDDP-nC8 in the presence of oleylurea are 
shown in Figure 8-42. It is clear that the film-forming properties of the both antiwear 
additives are strongly obstructed by oleylurea, and that oleylurea affects the property of ZDP-
nC8 more strongly than that of ZDDP-nC8. This trend is similar to that for ZDP-iC8 and 
ZDDP-iC8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     From these results, it is shown that oleylurea rather than MoDTC greatly affects of the 
film-forming properties of ZDPs as well as ZDDPs. This may result from the interactions 
between the antiwear additives and oleylurea in bulk solutions and/or at the metal surfaces, 
and/or may result from the competitive adsorption of them onto the metal surfaces. In 
addition, the greater influence of oleylurea on the film-forming properties of ZDPs than those 
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Figure 8-42. Growths of mean tribo-film thickness of (a) ZDP-nC8 and (b) 
ZDDP-nC8 with/without oleylurea in PAO2. 
(a) ZDP-nC8 
(b) ZDDP-nC8 
  207
for ZDDPs may be caused by the stronger interaction between ZDPs and oleylurea due to the 
higher polarity of ZDPs than ZDDPs.  
 
8.4.2.2 Friction Properties 
     Friction properties of the ZDP and ZDDP films formed in the presence of oleylurea were studied. 
Figure 8-43 shows the friction property of oleylurea without any antiwear additives. The 
boundary friction coefficient is about 0.06, which indicates that oleylurea functions as friction 
modifiers possibly by forming an adsorbed film on the metal surfaces. This boundary friction 
coefficient of oleylurea is a little higher than that of MoDTC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     The friction properties of ZDP-iC8 and ZDDP-iC8 with/without oleylurea are shown in 
Figure 8-44. Both in the boundary lubrication and the mixed lubrication regimes, the friction 
for ZDP-iC8 and ZDDP-iC8 in the presence of oleylurea is lower than that in the absence of 
oleylurea. This result shows that oleylurea functions as a friction modifier, while the thinner 
tribo-films may contribute to the lower friction in the mixed lubrication regime. Interestingly, 
ZDDP-iC8 shows a positive variation of the boundary friction with mean speed in the 
presence of oleylurea, while ZDDP-iC8 does not show this behaviour by itself. This indicates 
that oleylurea may form an adsorbed film on the reaction film formed by ZDDP-iC8 and thus 
show the positive friction property. 
     Figure 8-45 shows the friction coefficient behaviour of ZDP-nC8 and ZDDP-nC8 in the 
presence and absence of oleylurea. Also for these antiwear additives, the friction in the 
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presence of oleylurea is lower than that in the absence of oleylurea both in the boundary 
lubrication and the mixed lubrication regions. In addition, for both ZDP-nC8 and ZDDP-nC8, 
the boundary friction decreases as mean speed decreases, although it is not clear whether the 
adsorbed film is formed by the antiwear additives or by oleylurea or by the both. 
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     The friction properties of ZDPs and ZDDPs in the presence of oleylurea are compared in 
Figure 8-46. In the mixed lubrication region, ZDPs show much lower friction than ZDDPs. 
This is likely to be because the films formed by ZDPs in the presence of oleylurea are much 
thinner than the ZDDP films formed in its presence. Comparing the boundary frictions, all of 
the antiwear additives except for ZDP-nC8 show higher friction than oleylurea alone. This 
indicates that the antiwear additives hinder the friction-reducing properties of oleylurea, 
which is different from the boundary friction behaviour of MoDTC. The higher boundary 
friction of the ZDP-iC8 film than the ZDDP films may be because the oiliness properties of 
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Figure 8-45. Friction coefficient behaviour of the films formed by 6 hours rubbing 
with (a) ZDP-nC8 and (b) ZDDP-nC8 in the presence and absence of oleylurea. 
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oleylurea are more strongly affected by ZDP-iC8 than ZDDPs due to the higher polarity of 
ZDP-iC8. However, the boundary friction of the ZDP-nC8 film formed in the presence of 
oleylurea is almost the same as the friction for oleylurea alone. ZDP-nC8 might not obstruct 
the formation of adsorption film by oleylurea because of its linear alkyl chains. 
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Figure 8-46. Friction coefficient behaviour of the films formed by 6 hours rubbing 
with ZDPs and ZDDPs in the presence of oleylurea. 
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8.5 Summary of this Chapter 
     In this chapter, the effects of base oils and other additives on the film-forming and friction 
properties of ZDPs and ZDDPs are described and discussed. Generally, most of the 
components studied here affect the tribological properties of ZDPs and ZDDPs to some extent. 
In addition, ZDPs seem to be more strongly influenced by the other components than ZDDPs, 
which may be because of the higher polarity of ZDPs than ZDDPs, or because ZDDPs react 
to form surface films faster than ZDPS and are thus less impeded by the presence of other 
components. The details of the effects are briefly summarized as follows.    
     For base oils, the effects of viscosity and polarity on the film-forming and friction 
properties of ZDPs were evaluated. As viscosity is increased, the film thickness becomes 
slightly thinner, which results in slightly lower friction. The high-polar ester base oil strongly 
retards the film-forming of both ZDPs and ZDDPs and causes higher boundary friction. The 
effect on the film-forming properties is more significant for ZDPs than that for ZDDPs, 
although there is no noticeable difference between them in the friction properties. 
     Succinimide dispersants strongly affect the film-forming and friction properties of ZDPs 
and ZDDPs. The film-forming speeds and the stabilized film thicknesses are both reduced by 
the dispersants, with the effect being stronger for non-borated than borated dispersant. In 
particular, no ZDPs studied here form a thick tribo-film in the presence of the non-borated 
dispersant. TGA and IR studies indicate that the strength of the interaction between the 
antiwear additives and the dispersants is a key factor in their film-forming properties. In 
addition, the boundary friction of both ZDPs and ZDDPS increases when dispersants are 
present. 
     The effects of calcium detergents on the performance of ZDPs and ZDDPs are a little 
complicated. The addition of sulphonate detergents causes ZDPs and ZDDPs to form thinner 
tribo-films, and results in lower friction both in the boundary lubrication and the mixed 
lubrication regions. In this behaviour, the neutral detergent is more influential than the 
overbased one. The salicylate detergents generally seem to have less effect than the 
sulphonate detergents. The salicylate detergents do not greatly influence the stabilized film 
thicknesses of ZDPs and ZDDPs, although they affect the film-forming speeds. As a result, 
there is no significant difference between the friction properties in the presence of the 
salicylate detergents and in their absence. Importantly, no significant differences between 
ZDPs and ZDDPs are seen in the effects of the detergents on their film-forming and friction 
properties. 
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     To study the impact of friction modifiers on ZDP performance, MoDTC and oleylurea 
were employed. It is found that both friction modifiers reduce the friction of ZDP and ZDDP 
films, although MoDTC is a little more effective in reducing boundary friction than oleylurea. 
However a noticeable difference between MoDTC and oleylurea in their effects on the film-
forming properties of ZDPs and ZDDPs was seen. Oleylurea strongly retards the film-forming 
of the antiwear additives, especially ZDPs, while the effect of MoDTC on the properties is 
relatively small. 
     Although the practical effects of components such as base oils, dispersants, detergents, and 
friction modifiers on the film-forming and friction properties of ZDPs and ZDDPs are 
described here, there remain some unknowns, especially the underlying mechanisms of the 
effects described. Further investigations, for example, the chemical analyses of the tribo-films, 
are needed. In addition, the influence of these components on the antiwear performance of 
ZDPs and ZDDPs still needs to be measured. 
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Chapter 9 
 
Study of Zinc Dialkylmonothiophosphates (ZDMPs) 
 
     Zinc dialkylmonothiophosphates (ZDMPs) are intermediate additives between ZDPs and 
ZDDPs. In this chapter, the film-forming, friction, and antiwear properties of ZDMPs 
investigated by MTM-SLIM and HFRR are described and compared with those of the 
corresponding ZDPs and ZDDPs. 
 
 
9.1 Film-forming Properties 
     The film-forming properties of ZDMP-iC8 and ZDMP-nC8 having 2-ethylhexyl and n-
octyl chains respectively were investigated by MTM-SLIM and compared with those of the 
corresponding ZDPs and ZDDPs. The MTM rubbing conditions were: temperature 70-
120 °C; load 31 N; mean speed 100 mm/s; SRR 50%. The concentration of all the antiwear 
additives corresponded to 0.08 wt% phosphorus. 
 
9.1.1 ZDMP-iC8 
     The growths of mean tribo-film thickness with rubbing time of ZDMP-iC8, ZDP-iC8, and 
ZDDP-iC8 at 120, 100, and 70 °C are shown in Figure 9-1. Generally, the film-forming 
property of ZDMP-iC8 is not as good as the corresponding ZDP and ZDDP. 
     At 120 °C, the initial film-forming rate of ZDMP-iC8 is as high as that of ZDDP-iC8, 
which is higher than that of ZDP-iC8. This indicates that the sulphur atoms in ZDDPs and 
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ZDMPs may contribute to their faster initial film-forming rates. However, the film formed by 
ZDMP-iC8 appears unstable at 120 °C because the formed film is clearly removed by 
rubbing (Figure 9-2). 
     The film-forming property of ZDMP-iC8 at 100 °C is similar to that at 120 °C. The initial 
film-forming rate of ZDMP-iC8 is higher than that of ZDP-iC8 and a little lower than that of 
ZDDP-iC8.  The ZDMP-iC8 film formed at 100 °C does not appear very stable. The film is 
partly removed by rubbing, although the removal is not as significant as at 120 °C. ZDMP-
iC8 does not form a tribo-film at 70 °C, although both of ZDP-iC8 and ZDDP-iC8 form 
thick tribo-films.  
     In short, film formation by ZDMP-iC8 is faster than ZDP-iC8 and is slower than ZDDP-
iC8 at 100 and 120 °C, although the formed films seem unstable. In contrast, film formation 
by ZDMP-iC8 is significantly lower than the others at 70 °C. A possible reason can be 
suggested as follows. The film forming may be affected by a combination of two factors: the 
reactivity of the additives and the concentration of the additives on the surface of substrates. 
The reactivity might be proportional to the number of sulphur, that is, the order of the 
reactivity is ZDDP > ZDMP > ZDP. On the contrary, the concentration on the surface may be 
inversely proportional to this number, because the concentration may correlate to the polarity 
of the additives and sulphur is less electronegative than oxygen. By combining these two 
factors, the order of the film-forming ability could be ZDDP-iC8 > ZDP-iC8 > ZDMP-iC8 
at low temperature (70 °C), while the order at high temperature (100, 120 °C) could be 
ZDDP-iC8 > ZDMP-iC8 > ZDP-iC8 as schematically illustrated in Figure 9-3. 
     In addition, the films formed by ZDMP-iC8 seem to be less stable than the films by ZDP-
iC8 and ZDDP-iC8. The films formed by ZDMP-iC8 appear unstable at 100 °C as well as at 
120 °C. The ZDP-iC8 film is also unstable at 120 °C but seems stable at 100 °C. The ZDDP-
iC8 film is stable at the all temperature range used in this study (70-120 °C). This indicates 
that the compositions of the films formed by these antiwear additives are sufficiently different 
to affect the stability of the films. Chemical analyses of the films are needed to clarify the 
reason for these differences in film stability. 
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Figure 9-1. Growths of mean tribo-film thickness of ZDMP-iC8 at (a) 120, (b) 
100, and (c) 70 °C. 
0
50
100
150
200
250
0 60 120 180 240 300 360
Time, min
Fi
lm
 T
hi
ck
ne
ss
, n
m
ZDMP-iC8
ZDP-iC8
ZDDP-iC8
  216
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
9.1.2 ZDMP-nC8 
     The growths of the mean tribo-film thickness with rubbing time of ZDMP-nC8, ZDP-nC8, 
and ZDDP-nC8 at 120, 100, and 70 °C are shown in Figure 9-4. ZDMP-nC8 forms stable, 
thick films at 120 °C as well as 100 °C, like the corresponding ZDP and ZDDP. This is 
different from the film-forming properties of ZDMP-iC8, which may be because ZDMP-nC8 
forms a stable, adsorbed film to protect the reaction film underneath. In addition, the initial 
film-forming rate of ZDMP-nC8 is almost same as that of ZDDP-nC8 at 100 and 120 °C, 
which is higher than that of ZDP-nC8. In contrast, the stabilized film thickness of ZDMP-
nC8 is nearly same as that of ZDP-nC8 at 100 and 120 °C, which is thinner than that of 
ZDDP-nC8. Furthermore, ZDMP-nC8 does not form a thick tribo-film at 70 °C, which is the 
same as ZDMP-iC8. 
5 min 15 min 30 min 60 min
120 min 180 min 240 min 300 min 360 min
0 min 
Figure 9-2. Interference images of ZDMP-iC8 tribo-films formed at 120 °C on 
MTM balls with rubbing time. 
Figure 9-3. Schematic illustrations of the factors affecting the film-forming 
abilities of ZDPs, ZDMPs, and ZDDPs at low (left) and high (right) temperature.  
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Figure 9-4. Growths of mean tribo-film thickness of ZDMP-nC8 at (a) 120, (b) 
100, and (c) 70 °C. 
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     It is not clear whether the chemical structure of ZDMP-nC8 or more simply the 
concentration of sulphur results in this film-forming feature of ZDMP-nC8. Therefore, the 
film-forming property of the equivalent mixture of ZDP-nC8 and ZDDP-nC8 (0.04 + 0.04 
wt% phosphorus) were investigated to clarify the origins for the ZDMP behaviour. The 
growths with rubbing time of the mean tribo-film thickness of ZDMP-nC8 and the mixture of 
ZDP-nC8 and ZDDP-nC8 at 100 °C are shown in Figure 9-5. The initial film-forming rate 
for the mixture is the same as that for ZDMP-nC8. However, the stabilized film thickness of 
the mixture is not the same as that of ZDMP-nC8; the film formed by the mixture is thicker 
than the film formed by ZDMP-nC8. In short, the film-forming property of ZDMP-nC8 is 
different from the mixture of ZDP-nC8 and ZDDP-nC8. This means that the film-forming 
property of ZDMP-nC8 does not result simply from the chemical contents of sulphur and 
oxygen. 
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Figure 9-5. Growths of mean tribo-film thickness of ZDMP-nC8 and the 
equivalent mixture of ZDP-nC8 and ZDDP-nC8 at 100 °C. 
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9.2 Friction Properties 
     It was impossible to evaluate the friction properties of ZDMP-iC8 because the friction 
behaviour was not stable due to the removal of its films. Therefore, only the friction property 
of ZDMP-nC8 is shown and compared with the behaviour of the corresponding ZDP and 
ZDDP.  
     Figure 9-6 and 9-7 compares the friction behaviours of the films formed by 6 hours 
rubbing with ZDMP-nC8, ZDP-nC8, and ZDDP-nC8 at 120 and 100 °C respectively. 
Generally, ZDMP-nC8 shows the similar friction properties to ZDP-nC8 and ZDDP-nC8. 
ZDMP-nC8, like the other two additives, shows a positive variation of the boundary friction 
with mean speed at 120 and 100 °C, which also indicates that ZDMP-nC8 may form an 
adsorbed, low friction film on the reaction film. Also, there is no noticeable difference in the 
boundary friction between the three additives at 120 and 100 °C. The similar friction 
properties of these three additives having n-octyl chains in the boundary lubrication may be 
because the alkyl structures mainly control the boundary friction in this condition. However, 
small differences are seen in the mixed lubrication regime; the friction of ZDMP-nC8 being 
slightly lower than the others in the mixed lubrication regime. The roughness and/or the 
thickness of the films may affect their friction properties in mixed lubrication. 
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Figure 9-6. Friction properties of the films formed by ZDMP-nC8, ZDP-nC8, 
and ZDDP-nC8 at 120 °C. 
  220
 
 
 
 
 
 
 
 
 
 
 
 
 
     Figure 9-8 compares friction coefficient behaviour of the films formed by 6 hours rubbing 
with ZDMP-nC8 and the mixture of ZDP-nC8 and ZDDP-nC8 at 100 °C. In the boundary 
lubrication region, there is no noticeable difference in friction properties between ZDMP and 
the mixture. The boundary friction of the mixture is the same as that of ZDMP-nC8, and both 
show the positive variation of friction with mean speed. This may also indicate that the 
boundary friction of the tribo-films of ZDMP-nC8, ZDP-nC8, and ZDDP-nC8 is controlled 
mainly by the structure of alkyl chains. However, there seems to be a slight difference in the 
mixed lubrication region. This may be due to differences in the film thickness and/or the 
roughness of the film surface. 
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Figure 9-8. Friction properties of the films formed by ZDMP-nC8 and the 
mixture of ZDP-nC8 and ZDDP-nC8 at 100 °C. 
Figure 9-7. Friction properties of the films formed by ZDMP-nC8, ZDP-nC8, 
and ZDDP-nC8 at 100 °C. 
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9.3 Antiwear Performances 
     The antiwear performances of ZDMP-iC8 and ZDMP-nC8 are shown and compared with 
the corresponding ZDPs and ZDDPs in this section. The evaluation of the antiwear 
performances was carried out using an HFRR. The rubbing conditions were the same as those 
in Chapter 7: frequency 50 Hz, stroke length 1000 µm, temperature 100 ˚C, and load 600 g (a 
maximum Hertzian contact pressure 1.16 GPa). The specimens were a hard ball (58-66 HRC) 
and a hard disc (800 HV). 
     The antiwear performances of ZDMP-iC8, ZDP-iC8, and ZDDP-iC8 are shown in Figure 
9-9. Generally, the antiwear performances of these three antiwear additives are similar. This is 
considered to be because the antiwear performance is controlled predominantly by the alkyl 
chain structures for the primary additives. However, the initial wear on the hard ball for 
ZDMP-iC8 is a little greater than those for the others, although the wear rate after this initial 
wear is nearly zero. This may be caused by the instability of the tribo-film by ZDMP-iC8 
measured in the MTM-SLIM test as stated above. 
     Figure 9-10 shows growths of wear volumes of hard balls and hard discs for ZDMP-nC8, 
ZDP-nC8, and ZDDP-nC8. It is clear that these three additives show almost the same 
antiwear performances. This is also likely to be because the alkyl structure predominantly 
controls their antiwear performances by forming the stable, adsorbed films in this condition.  
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Figure 9-9. Growths of wear volume of (a) hard balls and (b) hard discs with 
rubbing time for ZDMP-iC8, ZDP-iC8 and ZDDP-iC8. 
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Figure 9-10. Growths of wear volume of (a) hard balls and (b) hard discs with 
rubbing time for ZDMP-nC8, ZDP-nC8 and ZDDP-nC8. 
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9.4 Summary of this Chapter 
     The film-forming, friction, and antiwear properties of ZDMP-iC8 and ZDMP-nC8 have 
been described in this chapter. Concerning film-forming properties, there are some differences 
between ZDMP-iC8 and ZDMP-nC8. The initial film-forming rates of ZDMP-iC8 at 100 
and 120 °C are as high as ZDDP-iC8 and higher than ZDP-iC8, although the tribo-films 
formed by ZDMP-iC8 are not stable. In addition, ZDMP-iC8 does not form a tribo-film at 
70 °C, while the other corresponding ZDP and ZDDP form thick tribo-films. On the contrary, 
ZDMP-nC8 forms more stable films than ZDMP-iC8, which may result from the more 
durable, adsorbed film on the reaction film due to the linear alkyl chains. The initial film-
forming rate of ZDMP-nC8 is higher than that of ZDP-nC8 and is almost same as ZDDP-
nC8, which is similar to the additives having 2-ethylhexyl chains. Also, the stabilized film 
thickness of ZDMP-nC8 is the same as that of ZDP-nC8, which is thinner than ZDDP-nC8. 
This thickness is different from that of the mixture of ZDP-nC8 and ZDDP-nC8, which 
indicates that the content of sulphur does not simply control the thickness of the tribo-films. 
     The friction property of ZDMP-iC8 could not be compared with the others because the 
films are not stable at high temperatures and no film is formed at low temperature. ZDMP-
nC8 shows the similar friction property to ZDP-nC8 and ZDDP-nC8, which indicates that 
the alkyl chain structure mainly controls the friction properties in this condition. Moreover, 
the antiwear performances of ZDMPs are also similar to the corresponding ZDPs and ZDDPs. 
In this condition, the content of sulphur does not appear to affect their antiwear performances. 
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Chapter 10 
 
Discussion 
 
     Possible film-forming mechanisms of ZDPs are discussed in this chapter. It is suggested 
that the film-forming mechanism of ZDPs may be similar to ZDDPs. In addition, the effect of 
sulphur in ZDDPs on their film-forming mechanism is suggested by evaluating the effect of 
compounds containing sulphur on the ZDP film-forming properties, and by comparing the 
film-forming properties of ZDPs and ZDDPs. Sulphur may contribute to lower stability of 
adsorbed film and/or higher reactivity of ZDDPs. 
 
 
10.1 Film-forming Mechanism of ZDPs 
     The film-forming mechanisms of ZDPs are discussed in this section. It is suggested that 
the film-forming process can be divided by three steps; adsorption, initial chemical reaction, 
and film-growing reaction. 
 
10.1.1 Adsorption 
     The first step in the film-forming process of ZDPs is considered to be adsorption of ZDP 
molecules on metal surfaces. This is the same as the first step for the film formation of 
ZDDPs which has been suggested by many researchers. Yamaguchi et al. have suggested the 
way of the adsorption of ZDDP molecules, in which alkyl ZDDPs adsorb on metal surfaces 
by P=S groups [235]. Due to the difference in their electro-negativities, the sulphur atoms of 
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P=S bonds are negatively charged and can interact with positively-charged metal surfaces. 
The adsorptions of phosphate and thiophosphate esters have also been studied. It was 
suggested by a molecular dynamics simulation that trimethylphosphate adsorbs on steel 
surfaces by the interaction of oxygen atoms of P=O and P-O-C bonds with iron (Figure 10-1) 
[236]. Alkylated triphenylphosphorothioates have been suggested to adsorb on ferrous 
substrates through the interaction of sulphur and oxygen with iron (Figure 10-2) [237-239]. 
From these suggestions, it is assumed that ZDPs adsorb on steel surfaces due to the 
interaction between oxygen and iron atoms. Two possible types of interacting method are 
shown in Figure 10-3. The first one (left) is due to the interaction of oxygen atoms of P=O 
and Zn-O-P bonds with metal surfaces; the second one (right) is due to the interaction of 
oxygen atoms of P=O and P-O-C bonds with metal surfaces. The first type of the adsorption 
is likely to be more probable because the hydrophobic alkyl chains prefer to be away from 
hydrophilic metal surfaces. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10-2. Schematic illustration of the adsorption of alkylated 
triphenylphosphorothionates on steel surface [237]. 
Figure 10-1. Schematic illustration of the adsorption of trimethylphosphate on steel 
surface [236]. 
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10.1.2 Initial Chemical Reaction 
     After the adsorption of ZDPs on a steel surface, a chemical reaction has to occur at the 
metal surface to initiate the tribo-film formation of ZDPs. One possible reaction may be 
intermolecular nucleophilic attack to phosphorus shown in Figure 10-4. There are two 
possible types of the intermolecular nucleophilic reaction. One is the reaction between two 
adsorbed molecules (Figure 10-4 left); another is the one between an adsorbed molecule and a 
molecule in bulk solution (Figure 10-4 right). In both cases, the cleavage of zinc-oxygen 
bonds may initiate this reaction, which is followed by the intermolecular nucleophilic attack. 
This nucleophilic reaction could cause the depletion of an alkyl chain along with the 
formation of pyrophosphate.  
 
 
 
 
 
 
 
 
 
 
     Importantly, this reaction may be catalyzed by metal surfaces. In the case of the reaction 
between two adsorbed molecules, the absorption on steel surface may decrease the basicity of 
the oxygen atoms bonded to zinc by attracting electrons from the oxygen atoms, which results 
in easier cleavage of the bonds between zinc and oxygen. In addition, the electro-positivity of 
phosphorus may be increased indirectly by the adsorption because the electro-negativity of 
oxygen atoms bonded to phosphorus may be decreased by the adsorption. This may result in 
Figure 10-3. Schematic illustration of the two types of the ZDP adsorption on metal 
surface. 
Figure 10-4. Schematic illustration of the chemical reaction initiated by the cleavage 
of Zn-O bond for the tribo-film formation of ZDPs. 
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higher nucleophilic ability of phosphorus atom. In short, ferrous substrate promotes the initial 
film-forming reaction of ZDPs by decreasing the basicity of the oxygen atom and by 
increasing the nucleophilic ability of the phosphorus atom. In the case of the reaction between 
an adsorbed molecule and a molecule in solution, the catalytic effect of ferrous substrate 
works on the adsorbed molecule; the electro-positivity of phosphorus being increased to 
promote the nucleophilic reaction. 
     Moreover, an exchange of metal cations, e.g. zinc and iron cations, may occur before the 
nucleophilic attack shown above (Figure 10-5). This metal cation exchange was proposed for 
ZDDPs adsorbed on iron discs (Figure 5-10) [240]. Also, Forbes reported that iron 
dialkyldithiophosphate (FeDDP) shows better EP performance than zinc 
dialkyldithiophosphate (ZDDP) [58]. He suggested that the additives with less thermal 
stability perform as better EP additives, which means that the FeDDP is less thermally stable 
than ZDDP. This indicates that the metal-exchanged ZDP, e.g. iron dialkylphosphate (FeDP), 
may be less thermally stable than ZDP. This metal cation exchange may increase the 
reactivity of the additives to initiate the tribo-film formation. 
 
 
 
 
 
 
 
     Another possible reaction at the initial stage of the film formation of ZDPs may be the 
nucleophilic reaction initiated by the cleavage of R-O bonds (Figure 10-6). This reaction 
forms pyrophosphate and involves the depletion of two alkyl chains. Significantly, this initial 
reaction is also expected to be catalysed by ferrous substrate. The adsorption of the molecule 
increases the electro-positivity of the phosphorus atoms to result in the more preferable 
nucleophilic attack by another molecule. This possible mechanism may explain why the 
initial film-forming rate of the secondary ZDP is more rapid than those of the primary ZDPs 
(see also in the section 5.4). The initial depletion of alky chain produces carbonium cation. 
The carbonium cation from the secondary alkyl chain is more stable than those from the 
primary alkyl chains, which should result in the faster film formation of the secondary ZDP 
than the primary ZDPs. 
 
Figure 10-5. Metal cation exchange of ZDPs. 
3 [(RO)2OPO]2Zn + 2 Fe3+ 2 [(RO)2OPO]3Fe + 3 Zn2+
  229
 
 
 
 
 
 
 
 
 
 
 
10.1.3 Film-growing Reaction 
     The tribo-films grow with rubbing, which is described in Chapter 5 as the increase of film 
thickness with rubbing time. This film growth may result from the formation of 
polyphosphates by further nucleophilic attacks to the pyrophosphates and from newly 
production of pyrophosphates. These film-growing reactions are also considered to be 
catalyzed by ferrous substrate. This may result in the slower film-forming rate observed as the 
film thickness increases, which would be expected from less catalytic activity at further away 
from the substrate. This may also be why the film thickness stabilizes at some point without 
continuing to increase.  
 
10.1.4 Summary 
     A possible film-forming process of ZDPs is suggested as above. ZDPs may adsorb on the 
metal surface through their oxygen atoms as the first step of the tribo-film formation, 
followed by the initial chemical reaction. The initial reaction for the film formation may be 
intermolecular nucleophilic attack catalyzed by the ferrous substrate, although FeDDP may be 
formed by the metal cation exchange before the nucleophilic reaction. Afterwards, the tribo-
films grow by elongation of the phosphate chains and new production of pyrophosphates. 
     This film-forming mechanism of ZDPs suggested here is considered to be basically similar 
to ZDDPs, although there have to be some differences between them because of the sulphur 
content. The differences will be discussed in the next section. 
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Figure 10-6. Schematic illustration of the chemical reaction initiated by the cleavage 
of R-O bond for the tribo-film formation of ZDPs. 
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10.2 Mechanism for Effects of Sulphur on the Film-forming Properties 
     As stated in Chapter 5, the main difference between ZDPs and ZDDPs in their film-
forming properties is the faster and thicker film formation of ZDDPs than ZDPs. This is 
considered to be because ZDDPs is more reactive than ZDPs due to the presence of sulphur. 
Before discussing the mechanism for the effect of sulphur on the ZDDP film-forming 
properties, the influence of sulphur compounds on the film-forming properties of ZDPs was 
studied by MTM-SLIM. 
 
10.2.1 Effects of Sulphur Compounds on ZDP Film-forming Properties 
     The effect of sulphur compounds on the film-forming properties of ZDPs was investigated 
using MTM-SLIM. Di(n-octyl)sulphide ((nC8)2S) and n-octyl-1-thiol (nC8SH), whose 
chemical structures are shown in Figure 4-14 (Chapter 4), were employed as sulphur 
compounds. The concentration of ZDP-nC8 corresponded to 0.08 wt% phosphorus. The 
concentration of the sulphur compounds corresponded to 0.166 wt% sulphur, which is the 
same as the sulphur content of the ZDDP-nC8 solution having 0.08 wt% phosphorus. Figure 
10-7 shows the growths of the mean film thickness of ZDP-nC8 in the presence and absence 
of the sulphur compounds. It can clearly be seen that neither sulphur compound significantly 
affects the film-forming properties of ZDP-nC8, although the stabilized films formed in the 
presence of the sulphur compounds are slightly thinner than the film formed in their absence. 
It is clear that these sulphur compounds hardly promote the film formation of ZDPs, which 
indicates that the faster film-formation of ZDDPs than ZDPs is not caused simply by the 
presence of sulphur species. 
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Figure 10-7. Growths of mean tribo-film thickness of ZDP-nC8 with rubbing in 
the presence and absence of the sulphur compounds ((nC8)2S and nC8SH). 
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     However, as described in Section 8.4.1.1, it seems that MoDTC promotes the film-forming 
of ZDPs, although the sulphur content is less (about 0.05 wt%) than that for the sulphur 
compounds shown above. Metal exchange might occur between ZDPs and MoDTC to form 
MoDPs (molybdenum dialklyphosphates), which may be less stable than ZDPs to promote the 
tribo-film formation. This indicates that not only sulphur content but also chemical structure 
seems important for promoting the film formation. 
 
10.2.2 Mechanism for Effects of Sulphur on the Film-forming Properties 
     Possible mechanisms for the effects of sulphur on the film-forming properties of ZDDPs 
themselves, in other words, mechanisms causing the difference between ZDPs and ZDDPs in 
the film-forming properties, are discussed in this section. From the results described above, 
the possibility that sulphur in ZDDPs activates the catalytic ability of steel surface to promote 
their film-forming reaction seems to be ruled out. Alternatively, two hypothetical reasons can 
be suggested as follows. 
     One possible reason for the difference between ZDPs and ZDDPs in the initial film-
forming rates may be the difference in their adsorbing ability on steel. The adsorbing ability 
of ZDDPs is considered to be lower than that of ZDPs since the polarity of ZDDPs is lower 
than that of ZDPs due to the lower electro-negativity of sulphur than oxygen. This may cause 
the formation of less stable, or more easily-removable, adsorbed films of ZDDPs on steel 
surface compared to the adsorbed films formed by ZDPs, which might result in faster film-
forming reaction due to the higher catalytic activity by steel surface. 
     The other possible reason may be the difference in the reactivity or stability of the 
molecules themselves. In order to explain this difference, some possible mechanisms of the 
film formation of ZDDPs are suggested here. The first one is the mechanism that the film-
forming reaction is initiated by the cleavage of the Zn-S bond (Figure 10-8). The weaker bond 
between zinc and sulphur than that between zinc and oxygen may cause the faster film 
formation of ZDDPs compared to ZDPs. Figure 10-9 shows another mechanism in which the 
cleavage of R-O bond initiates the film-forming reaction of ZDDPs. However, in this case, 
there is little difference in the initial reaction between ZDPs and ZDDPs because both 
reactions are initiated by the cleavage of R-O bond. In addition, in both of these two 
suggested mechanisms, P-S-P bonds, not P-O-P bonds, are created. Therefore, the above two 
mechanisms seem unlikely because the main component of the ZDDP tribo-films has been 
reported to be metal polyphosphates. 
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     Other two possible mechanisms are based on the formation of a ligand isomer of ZDDPs 
(LI-ZDDPs) (Figure 2-10), which has been suggested by Jones and Coy [157] and later by 
Fuller et al. [103]. Figure 10-10 shows the mechanism in which cleavage of the Zn-O bond of 
the LI-ZDDPs initiates the nucleophilic reaction. This reaction involves the formation of P-O-
P bond as well as the elimination of alkyl sulphides. The easier cleavage of the P-S bond than 
the P-O bond may be why the film-forming rate of ZDDPs is higher than that of ZDPs. 
Another mechanism where the R-S bond cleavage of the LI-ZDDPs initiates the film-forming 
reaction is shown in Figure 10-11. In this case, the smaller bond energies of R-S and P-S 
bonds than that of R-O and P-O bonds respectively for ZDPs may be the reason for the more 
rapid film-forming rate of ZDDPs than that of ZDPs.  
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Figure 10-8. Schematic illustration of the chemical reaction initiated by the cleavage 
of Zn-S bond for the tribo-film formation of ZDDPs. 
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Figure 10-9. Schematic illustration of the chemical reaction initiated by the cleavage 
of R-O bond for the tribo-film formation of ZDDPs. 
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     Moreover, the thicker film formation as well as the faster film formation can be explained 
by the difference between ZDDPs and ZDPs in the reactivity of their molecules. The higher 
reactivity of ZDDPs than ZDPs may make it possible to grow the film with less catalytic 
supports from metal surface. This may cause the thicker film formation by ZDDPs than ZDPs. 
     Finally, it should be noticed that this film-forming mechanism of ZDPs suggested here is 
based on the hypothesis that ZDPs form the tribo-films consisting mainly of iron/zinc 
polyphosphates. More recent studies have revealed that phosphorus, iron, and zinc are 
observed by EPMA and XPS on wear scars for ZDPs [241]; however the detailed composition 
of the ZDP films is not yet clear. Further chemical analyses of the tribo-films formed by 
ZDPs are needed as future work. 
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Figure 10-10. Schematic illustration of the chemical reaction initiated by the 
cleavage of Zn-O bond for the tribo-film formation of ZDDPs. 
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Figure 10-11. Schematic illustration of the chemical reaction initiated by the 
cleavage of R-S bond for the tribo-film formation of ZDDPs. 
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Chapter 11 
 
Conclusions and Suggestions for Future Work 
 
     All of the results obtained from this study are briefly summarised and concluded in this 
chapter. In addition, some future work which should provide deeper understanding of the 
properties of ZDPs as well as ZDDPs is suggested here. 
 
 
11.1 Conclusions 
     The film-forming, friction, and antiwear properties of ZDPs were investigated by MTM-
SLIM and HFRR in this study. It was clarified from this study that ZDPs function as antiwear 
additives by forming similar tribo-films to ZDDPs. The tribological properties of ZDPs were 
compared with those of ZDDPs. The results are summarized as below; 
 
(1) For both of the primary and secondary antiwear additives, the film-forming rates of 
ZDPs are slower than those of the corresponding ZDDPs, and the stabilized films 
formed by ZDPs are thinner than the films formed by the corresponding ZDDPs. 
(2) The rubbing conditions and the additive concentrations strongly affect their film-
forming properties, and there is no obvious difference between ZDPs and ZDDPs in 
these effects. 
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(3) The alkyl structures of ZDPs and ZDDPs significantly affect their film-forming 
properties. The order of the film-forming rates are 1,3-dimethylbutyl (secC6) >> 2-
ethylhexyl (iC8) > n-octyl (nC8). 
(4) There is no noticeable difference between primary ZDPs and ZDDPs in friction 
properties, while the secondary ZDP shows higher friction than the corresponding 
ZDDP in the boundary lubrication region. 
(5) The friction properties are also affected by the alkyl structure. The antiwear additives 
having n-octyl alkyl chains show a positive variation of the boundary friction with the 
mean speed, which is considered to be due to the oiliness function of the linear alkyl 
chains. 
(6) The antiwear performance of the primary ZDPs is quite similar to the corresponding 
ZDDPs, which is likely to be because the adsorbed films formed by the intact 
additives and/or their decomposition products predominantly control the antiwear 
properties. For the secondary ZDP and ZDDP, the antiwear properties may 
predominantly be achieved by the chemical films. Therefore, the stability of the 
chemical films may strongly affect their antiwear properties. 
 
     In addition, the influence of the base oils and the other additives i.e. dispersants, detergents, 
and friction modifiers on the film-forming and friction properties of ZDPs and ZDDPs were 
investigated using MTM-SLIM. In general, the properties of ZDPs are more strongly affected 
by the base oils and the other additives than those of ZDDPs, which may be caused by the 
higher polarity of the ZDP molecules than that of the ZDDP molecules. The detailed effects 
of the other components are as follows; 
 
(7) In terms of the effects of base oils on the film-forming properties of ZDP, the film 
thickness becomes slightly thinner as viscosity increases, which results in slightly 
lower friction in the boundary and mixed lubrication regions. The high-polar ester 
base oil strongly retards the film-forming of both ZDPs and ZDDPs and causes higher 
boundary friction. The effect on the film-forming properties is more significant for 
ZDPs than that for ZDDPs, although there is no noticeable difference between them in 
the friction properties. 
(8) The dispersants, bis-polyisobutenylsuccinimide polyamines, strongly affect the 
tribological properties of ZDPs and ZDDPs. No ZDPs studied here form a tribo-film in 
the presence of the non-borated dispersant. On the contrary, all ZDDPs studied form 
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tribo-films in its presence, although the film-forming rate and the stabilized film 
thickness are significantly reduced. In the presence of the borated dispersant, both of 
ZDP and ZDDP form tribo-films, which may be caused by the weaker interaction 
between the antiwear additives and the borated dispersant than that between the 
antiwear additives and the non-borated dispersant. 
(9) Concerning the effects of detergents on the film-forming properties of ZDP and ZDDP, 
sulphonate detergents are more influential than salicylate detergents. The tribo-films 
formed in the presence of the sulphonate detergents are thinner than the films formed 
in those absence. The friction both in the boundary and mixed lubrication region are 
strongly decreased by the sulphonate detergents. On the contrary, the stabilized film 
thickness and the friction properties are hardly affected by the salicylate detergents, 
although the film-forming rates are retarded by the neutral salicylate detergent. 
Importantly, no clear difference between ZDP and ZDDP is seen in the effects of the 
detergents. 
(10) Both of MoDTC and oleylurea are effective for reducing the boundary friction of 
ZDPs and ZDDPs. However, there is a significant difference between these two 
friction modifiers in the effects on the film-forming properties of ZDPs and ZDDPs. 
The film formation by the antiwear additives is strongly retarded by oleylurea, not by 
MoDTC. Interestingly, it seems that the film formation of ZDPs is slightly promoted 
by MoDTC. 
 
     The tribological properties of ZDMPs, the intermediate additives between ZDPs and 
ZDDPs, have been studied. ZDMP-nC8 shows interesting features in its tribological 
properties, while the properties of ZDMP-iC8 are a little complicated due to instability of the 
tribo-films. The detailed features of ZDMP-nC8 are as follows; 
 
(11) The initial film-forming rate of ZDMP-nC8 is higher than that of ZDP-nC8 and is 
almost same as ZDDP-nC8. Also, the stabilized film thickness of ZDMP-nC8 is the 
same as that of ZDP-nC8, which is thinner than ZDDP-nC8. These features cannot be 
explained simply by the content of sulphur. 
(12) The friction and antiwear properties of ZDMP-nC8 is quite similar to the properties of 
the corresponding ZDP and ZDDP, which indicates that the alkyl chain structure 
mainly controls the properties in the conditions employed in this study. 
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     From these results summarised above, it is shown that the film-forming, friction, and 
antiwear properties of ZDPs are basically similar to ZDDPs with some small differences. One 
of the differences is in their film-forming rates; ZDPs form the tribo-films more slowly than 
ZDDPs. The slower film-forming rate of ZDPs is considered to be caused by the higher 
stability, in other words, the lower reactivity of the molecules. The difference in the stability 
is suggested to originate from the stronger bonds between oxygen and other atoms than the 
bonds between sulphur and other atoms.  
 
     In conclusion, ZDPs could be one of the best candidates to substitute ZDDPs in practical 
applications at this moment because of the similarities of their antiwear mechanism to ZDDPs. 
However, it must be noted that the small differences between ZDPs and ZDDPs could 
positively or negatively impact on their performance in fully formulated oils. Further 
investigations will be necessary to clarify their response in fully formulated oils as future 
work. 
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11.2 Suggestions for Future Work 
     Further investigations are necessary for deeper understanding of the properties of ZDPs, as 
will be suggested for future work in this section. 
 
11.2.1 Surface Analyses 
     In the discussion of the film-forming properties of ZDPs, the tribo-films formed by ZDPs 
are hypothesized to consist mainly of zinc and/or iron polyphosphates. XPS measurements of 
ZDP films have supported this hypothesis; however this must be clarified by other chemical 
analyses. For example, XANES could analyse chemical states of phosphorus atoms, from 
which the length of polyphosphate chains and their rough depth profiles can be estimated. A 
difference between ZDPs and ZDDPs in the length of polyphosphate chains might be 
observed by such analyses. 
     Further AFM measurements would also be useful, in particular, to understand the friction 
properties of ZDPs. The measurements of the films formed by ZDPs in the presence of other 
additives have not yet been carried out. The studies of the effects of other additives on the 
topographical properties of the ZDP films can give useful information for explaining the 
friction properties in the presence of other additives more clearly. 
 
11.2.2 Effects of Other Additives 
     In this study, the effects of a limited number of representative dispersants, detergents, and 
friction modifiers on the film-forming properties of ZDPs were investigated. Therefore, the 
effects of other dispersants, detergents, and friction modifiers, for example, mono- 
polyisobutenylsuccinimide polyamines, phenate detergents, glycerine monooleate (GMO), etc. 
should be studied. In addition, the effects of the other functional additives such as 
antioxidants and viscosity modifiers on the tribological properties of ZDPs also need to be 
investigated. 
     The studies of the tribological properties of ZDPs in the presence of two or three other 
additives are also interesting because this is closer to practical conditions, although the 
increased possible interactions between additives can make it very difficult to understand the 
mechanisms. Moreover, the properties of ZDPs in the full-formulated oils should be evaluated 
using MTM-SLIM from the industrial aspects. 
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11.2.3 Effects of Metals 
     As shown in Chapter 10, the film-forming reaction of ZDPs might be initialized by the 
bond cleavage between zinc and oxygen. Also for ZDDPs, it was reported that metal species 
of metal dialkyldithiophosphates strongly affect their antiwear and EP performances (see also 
Section 2.1.1) [97]. Therefore, it is indicated that other metal dialkylphosphates may show the 
different tribological properties from ZDPs. The effects of metals on the tribological 
properties should be studied as future work. 
     In addition, the metal substrates possibly affect the film-forming properties, since the 
ferrous substrate studied here may function as a catalyst for the tribo-film formation of ZDPs. 
The effects of aluminium substrates, which are used for pistons of combustion engines, and 
DLC- and CrN-coated substrates, which are utilized in valve trains, on the properties of ZDPs 
should also be studied. 
 
11.2.4 Antiwear Performances 
     The evaluation of the antiwear performance of ZDPs has been carried out in a limited 
range of conditions in this study. The antiwear properties of ZDPs need to be evaluated over a 
wide range of conditions. Especially, it is necessary to evaluate the effects of temperature on 
the antiwear performance, because temperature strongly affects the film-forming properties of 
ZDPs. Moreover, the effects of other additives on the antiwear performance of ZDPs also 
need to be evaluated since the film-forming properties of ZDPs are significantly affected by 
other additives, especially by dispersants. 
 
 
     The future work suggested above is believed to be helpful for deeper understanding of the 
functioning-mechanisms of ZDPs. This will also be very useful for clarifying the mechanism 
of ZDDPs, which is still unknown despite a lot of research on ZDDPs over many decades. 
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